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General Methods

Unless otherwise indicated, all reactions wereiedrout under a positive pressure of argon in owen-
flame-dried glassware using solvents dried over tdlecular sieves or dispensed and used direatiy fa Seca
Solvent System purchased from Glass Contour. Aicalythin-layer chromatography (TLC) was performesing
commercial Merck KGaA aluminum-supported silica ghltes with fluorescent indicator (F-254). Vidmation
was accomplished using UV light, 5 % phosphomolgbacid in ethanol, or aqueous KMpO Flash column
chromatography was carried out using 32u68silica gel, with compressed air as a source eitipe pressure. All
reagents were used as received, with the excepfiamines, which were distilled and stored over #ndlecular
sieves prior to use.

'H and®*C NMR spectra were recorded on Mercury 300 (300 MHz75 MHz*C), Varian INOVA 400
(400 MHz *H, 100 MHz™C), and Varian INOVA 600 (600 MHZH, 150 MHz**C) instruments in CDGJ with
CHClI; as internal reference (7.27 ppm fét and 77.23 ppm fof’C). Infrared spectra were recorded on an ASI
ReactI® 1000 FT-IR spectrometer equipped with a siliconber Peaks are reported with the following retativ
intensities: s (strong, 67-100 %), m (medium, 4036)7 w (weak, 20-40 %), and br (broad). Meltingnt® (mp)
are uncorrected and were taken in open capillapgguon a Thomas Hoover capillary melting point agios.
Since almost all of the Tp molybdenum complexesndease over 180-20C, melting points are not significant
and are not shown in the experimental sectio@ptical rotations were measured with Perkin-Eli@del 341
polarimeter. HPLC was performed using an Agilet®@ Series with UV detector (254 nm or 210 nm) Baétel’
Chiralpak AS-RH, Chiralpak AD-RH, Chiralcel OJ-RBhiralcel OD-RH, or Agilent Eclipse XDB-C8 columns.
Samples for HPLC analysis were prepared by dissgl#+2 mg of of the pure material in approximately mL of
acetonitrile. One microliter (1 puL) of the solutisvas injected for analysis. The nomenclaturedfgermining the
chirality of the molybdenum complexes is straighfard’

Syntheses of and2 were accomplished according to the literafure.

! Sloan, T. ETop. Stereochem981, 12, 1-36.
2 Coombs, T. C.; Lee, M. D., IV; Wong, H.; Armstrgrd.; Cheng, B.; Chen, W.; Moretto, A. F.; Liebasttj L. S.J. Org. Chem2008 73, 882-
888.

SI-1

o
—



Coombset al.

1. Preparation of Alkylidene8 and4

e  Mukaiyvama - Aldol reaction on ketone 1 or 2

Table 1, aldol product from acetaldehyde, X = O, R' = Me
TpMo(CO), TpMo(CO),

\ o) \ o

€ €

: OH ! WOH
/OE %
anti syn

(-)- and (#)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,6S)-(n-2,3,4)-6-(1-hydroxyethyl)-5-0x0-5,6-
dihydro-2H-pyran-2-ylJmolybdenum. To a solution of ()}t (3.00 g, 6.6 mmol, 1.0 equiv) in GEl, (40 mL)
were successively added;Ht(1.06 mL, 7.6 mmol, 1.15 equiv) and TBSOTf (114, 7.6 mmol, 1.15 equiv). The
reaction mixture was stirred for 1 h at room terapame, and then cooled to —78 °C. To this mixives slowly
added a low-temperature (—78 °C) premixed solutfoacetaldehyde (481 puL, 8.56 mmol, 1.3 equiv) @@, (1.0

M in CH,CI,, 8.56 mL, 8.56 mmol, 1.3 equiv) in GEl, (20 mL) via syringe. The mixture was stirred for 10
minutes at —78 °C and then quenched with waterl(p frhe cold bath was removed, and the reactiortunixwas
allowed to warm to room temperature before it wasdferred to a separatory funnel containing@IH(60 mL)
and water (100 mL). The aqueous layer was sepagatédcextracted with CiEI, (40 mL). The combined organic
phases were washed with brine (100 mL), dried dg80,, filtered and concentrated. The resulting soliodoict
was washed with C}l, (2 x 20 mL) and a mixture of GBI, and hexanes (1:1 v/v, 3 x 20 mL) to afford putk (
anti-aldol product(2.12 g, 4.19 mmol, 65%) as a yellow solid. Thérdiles were combined, concentrated, and
subjected to flash chromatography over silica gigh Wwexanes-EtOAc (1:1) to give the correspondamg-aldol
product (2.07 g, 4.09 mmol, 62%) and #yealdol produci(1.08 g, 2.13 mmol, 33%) as yellow solids.

Similar treatment of (-} (500 mg, 1.08 mmol, 1.0 equiv, 97.6 % ee) in,CH (7 mL) with EEN (173 uL,
1.24 mmol, 1.15 equiv), and TBSOTf (286 uL, 1.2oh 1.15 equiv), followed by addition of a prentixe
solution of TiC} (1.0 M in CHCl,, 1.41 mL, 1.41 mmol, 1.3 equiv) and acetaldehyie L, 1.73 mmol, 1.6
equiv) in CHCI, (2 mL), afforded (& 69)-(-)-anti aldol product (345 mg, 0.68 mmol, 63 %, 97.6 %ge),>> -490
(c 0.22, CHCl,)}, and (=S, 69-(-)-synaldol product (164 mg, 0.32 mmol, 30 %, 97.6 %e)s>> -514 € 0.26,
CH.Cl,)}.

(+)-Anti-aldol product:TLC: R = 0.39 (hexanes-EtOAc = 1:1). IR (¢n3401 (w), 3127 (w), 2980 (w), 2934 (w),
2899(w), 2486 (w), 1961 (s), 1872 (s), 1640 (mP&LBw), 1409 (m), 1305 (m), 1220 (m), 1123 (m), A¢&). H
NMR (400 MHz, CDC}): 68.51 (d,J=2.0 Hz, 1 H), 7.89 (d] = 2.0 Hz, 1 H), 7.65 (d] = 2.0 Hz, 1 H), 7.62 (d]
=2.4Hz,1H),7.60 (dl=2.0Hz, 1 H), 7.52 (d]= 2.0 Hz, 1 H), 7.39 (ddl = 4.8 Hz, 2.4 Hz, 1 H), 6.30 @,= 2.0
Hz, 1 H), 6.26 (tJ= 2.4 Hz, 1 H), 6.21 (1 = 2.0 Hz, 1 H), 4.78 (ddl = 6.4 Hz, 2.0 Hz, 1 H), 4.19 (dd~= 6.4 Hz,
4.8 Hz, 1 H), 3.95 (app pert= 6.4 Hz, 1 H), 3.27 (d] = 6.0 Hz, 1 H), 3.15 (br s, 1 H), 1.22 = 6.0 Hz, 3 H).
3C NMR (100 MHz, CDCJ): 224.5, 223.6, 195.0, 147.6, 143.9, 141.7, 188)6134.9, 107.4, 106.6, 106.3, 106.0,
78.9, 69.5, 68.8, 65.0, 18.6. Anal. Calcd fegHzoBMoNgOs: C, 42.72; H, 3.78; N, 16.60. Found: C, 42.323181;

N, 16.17. HPLC: Daicé&l Chiralpak AS-RH column, Isocratic solvent syst&5:% CHCN in H,0, 1.0 mL/min\
=254 nm, (B, 69-(-)-anti: t, = 22.29 min; (R, 6R)-(+)-anti: t,)= 15.30 min.

(x)-Synaldol product:TLC: R; = 0.31 (hexanes-EtOAc = 1:1). IR (¢Jn3405 (w), 3127 (w), 2976 (w), 2934 (w),
2490 (w), 1961 (s), 1872 (s), 1644 (m), 1505 (mMN9.(m), 1305 (m), 1220 (m), 1123 (m), 1050 (H) NMR (400
MHz, CDCk): 68.50 (d,J=1.9 Hz, 1 H), 7.90 (d]= 1.6 Hz, 1 H), 7.66 (d]1= 1.6 Hz, 1 H), 7.62 (d]= 2.0 Hz, 1
H), 7.59 (dJ=2.0 Hz, 1 H), 7.51 (d] = 1.6 Hz, 1 H), 7.43 (ddl= 4.8 Hz, 2.0 Hz, 1 H), 6.33 @,= 2.2 Hz, 1 H),
6.28 (t,J=2.2 Hz, 1 H), 6.23 () = 2.2 Hz, 1 H), 4.84 (dd} = 6.4 Hz, 2.0 Hz, 1 H), 4.20 3,= 6.0 Hz, 1 H), 4.10-
4.15 (m, 1 H), 3.29 (d] = 2.8 Hz, 1 H), 2.67 (br s, 1 H), 1.23 (ts 6.4 Hz, 3 H)*C NMR (100 MHz, CDCJ): &
224.8, 223.8, 194.9, 147.4, 143.8, 141.7, 136.5(2%,9, 108.1, 106.4, 106.2, 105.9, 78.9, 70.36,685.0, 19.1.
Anal. Calcd for GgH16BMoNgOs: C, 42.72; H, 3.78; N, 16.60. Found: C, 43.013t94; N, 16.34. HPLC: Daic®l
Chiralpak AS-RH column, isocratic solvent systei®:% CHCN in H,O (without TFA), 1.0 mL/min.A = 254 nm,
(2S, 69-(-)-syn t,= 15.60 min; (R, 6R)-(+)-syn ty=11.96 min.
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Table 1, aldol product from acetaldehyde, X = NCbz, R* = Me

TpMo(CO), TpMo(CO),
\ o] \ o)
[ C
1 OH 1 .
v E“O”
Chz Chz
anti syn

(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,6S5)-(7-2,3,4)-1-(benzyloxycarbonyl)-6-(1-hydroxyethyl)-
5-0x0-5,6-dihydro-2H-pyridin-2-ylimolybdenum. To a Schlenk flask charged with a solution of 2{1.00 g,
1.68 mmol, 1.0 equiv) in C}I, (16 mL) were successively added:NEt(269 uL, 1.93 mmol, 1.15 equiv) and
TBSOTf (424uL, 1.85 mmol, 1.1 equiv). The reaction mixture vgtisred for 20 minutes at room temperature, and
was cooled down to —78 °C. To this mixture was Btoadded a low temperature (=78 °C) premixed smiutf
acetaldehyde (0.104 mg, 2.35 mmol, 1.4 equiv) ai@, 1.0 M in CHCI,, 2.18 mL, 2.18 mmol, 1.3 equiv) in
CH,CI; (10 mL)via syringe. The mixture was stirred for 10 minutes-a8 °C and then quenched with water (1
mL). The cold bath was removed, and the reactioxturé was warmed to room temperature. The solutias
poured into a separatory funnel containing,CH (30 mL) and water (30 mL), and the layers were sxpd. The
organic layer was washed with water (2 x 20 mL) kride (20 mL), dried over N&Q,, filtered, and concentrated.
The crude product was subjected to flash chromafigr over silica gel with hexanes-EtOAc (1:1). Tingt yellow
band gave recovered starting material (0.075 ¢ thol, 8%), and the second yellow band affordéesynaldol
product (0.105 g, 0.16 mmol, 10%) as a yellow safiér solvent removal. The third yellow band afied ¢)-anti
aldol product (0.872 g, 1.36 mmol, 81%) as a yeltmhd after solvent removal.

(+)-Anti-aldol product TLC: R = 0.30 (hexanes-EtOAc = 1:1). IR (¢n3443 (w), 3123 (w), 2978 (w), 2490 (W),
1969 (s), 1864 (s), 1702 (m), 1664 (m), 1505 (P9 (m), 1305 (s), 1220 (m), 1123 (m), 1050 (Ml NMR
(CDCls, 300 MHz):6 (a mixture of two rotamers) 8.59 (@l= 2.1 Hz, 0.3 H), 8.42 (d]= 3.0 Hz, 0.7 H), 8.38 (d]

= 1.8 Hz, 0.4 H), 7.68 (dl = 2.1 Hz, 1 H), 7.65 (d] = 2.1 Hz, 1.0 H), 7.65-7.60 (m, 2 H), 7.58 Jd&; 2.4 Hz, 0.8
H), 7.52-7.34 (m, 7.5 H), 7.15 (dd~= 1.8, 6.3 Hz, 0.8 H), 6.27-6.31 (m, 1.5 H), 6.2266(m, 1.2 H), 5.76 (1] =
2.4 Hz, 0.7 H), 5.27 (AB quartel,= 11.1 Hz, 1.4 H), 5.20 (AB quartet= 11.8 Hz, 0.6 H), 4.81 (dd,= 5.8 Hz,
1.5 Hz, 0.3 H), 4.76 (dd,= 6.0 Hz, 1.8 Hz, 1 H), 4.30-4.27 (m, 1 H), 4.08)¢ 6.3 Hz, 0.6 H), 3.92 (11 = 6.3 Hz,
0.8 H), 3.90 (d,J = 3.3 Hz, 0.8 H), 3.62 (d] = 2.7 Hz, 0.6 H), 1.30 (1] = 6.4 Hz, 3 H). **C NMR (CDC}, 100
MHz): & 225.5, 224.9, 222.7, 221.6, 195.4, 195.3 156.2,614147.5, 146.2, 144.7, 140.6, 136.7, 136.6,5.36.
135.1, 134.9, 129.9, 129.1, 129.1, 128.9, 128.8,512128.3, 99.6, 96.1, 71.7, 71.2, 70.1, 68.91,664.8, 63.3,
60.6, 60.5, 59.7, 19.7, 18.9, 14.4. Anal. Calad@gH,sBMoN,Og: C, 48.85; H, 4.10; N, 15.34. Found: C, 48.21;
H, 4.08; N, 15.12. HRMS (ESI) Calcd fopd826BMoN;Og ([M]¥): 641.1092. Found: 641.1091.

(+)-Synaldol product TLC: R; = 0.36 (hexanes-EtOAc = 1:1). IR (&n3459 (w), 3123 (W), 2976 (w), 2486 (W),
1969 (s), 1864 (s), 1706 (m), 1664 (m), 1505 (W (m), 1305 (s), 1220 (m), 1123 (m), 1050 (3).NMR (600
MHz, CDCk) (a mixture of two rotamersy 8.54 (d,J= 1.9 Hz, 0.5 H), 8.43 (dl= 2.4 Hz, 0.5 H), 8.38 (dl= 2.4
Hz, 0.5 H), 7.71 (dJ = 1.9 Hz, 0.5 H), 7.68 (dl = 1.9 Hz, 0.5 H), 7.64-7.65 (m, 1 H), 7.63 {d; 2.4 Hz, 0.5 H),
7.59 (d,J = 2.4 Hz, 0.5 H), 7.54 (d} = 1.9 Hz, 0.5 H), 7.52 (dl = 2.4 Hz, 0.5 H), 7.49-7.50 (m, 1.5 H), 7.42-7.43
(m, 2 H), 7.32-7.36 (m, 0.5 H), 7.18 (dbiz 6.9 Hz, 1.5 Hz, 0.5 H), 6.29-6.30 (m, 1 H), 6(28 = 2.4 Hz, 0.5 H),
6.24 (t,J= 1.9 Hz, 0.5 H), 6.22 (] = 2.4 Hz, 0.5 H), 5.82 (] = 1.9 Hz, 0.5 H), 5.26 (AB quartet= 11.9 Hz, 1
H), 5.25 (AB quartet) = 11.4 Hz, 1 H), 4.82 (dd} = 6.2 Hz, 1.9 Hz, 0.5 H), 4.79 (ddi= 6.2 Hz, 1.9 Hz, 0.5 H),
4.17-4.26 (m, 1 H), 4.07 (8,= 6.2 Hz, 0.5 H), 3.95 (1] = 6.2 Hz, 0.5 H), 3.76 (d} = 4.8 Hz, 0.5 H), 3.68 (dl =
4.3 Hz, 0.5 H), 3.27 (br s, 1 H), 1.26 (5 6.6 Hz, 1 H), 1.21 (d] = 6.2 Hz, 1 H).*C NMR (150 MHz, CDGCJ): &
225.5, 224.9, 222.8, 221.6, 198.0, 197.7, 155.2,55147.6, 147.5, 146.1, 144.5, 140.9, 140.6, 8,3636.7,
136.54, 136.47, 135.5, 135.2, 135.1, 129.8, 1228,8, 128.6, 128.3, 106.53, 106.50, 106.12, 104.08.06, 99.2,
95.8, 69.7, 69.0, 68.9, 68.6, 65.7, 64.9, 61.85,641.1, 60.2, 19.6, 19.0. HRMS (ESI) Calcd fegHGsBMOoN;Os
(IM]"): 641.1092. Found: 641.1096.

Relative stereochemistry was confirmed by X-rayheaigof a single crystal of the anti-aldol produptovided on
Page 31.
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Table 1, aldol product from acetaldehyde, X = NCbz, R* = CsH

TpMo(CO), TpMo(CO),
z (@)

(-)- and (#)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,6S)-(#-2,3,4)-1-(benzyloxycarbonyl)-6-(1-
hydroxypentyl)-5-oxo-5,6-dihydro-2H-pyridin-2-yljmolybdenum.  Molybdenum complex (£ (10.0 g, 16.8
mmol, 1.0 equiv) was dissolved in gEl, (125 mL), and BN (3.17 mL, 22.8 mmol, 1.4 equiv) and TBSOTf (5.02
mL, 21.8 mmol, 1.3 equiv) were added successivélge reaction mixture was stirred at room tempeeafar 30
minutes before it was cooled to —%8 and a pre-mixed solution of Ti(11.0 M in CHCl,, 21.8 mL, 21.8 mmol,
1.3 equiv) and valeraldehyde (2.50 mL, 23.5 mmgl,equiv) in CHCI, (10 mL) at —78C was addedia cannula.
The mixture was stirred for 15 minutes at 2Z8before it was quenched with a saturated aquemuta of NH,Cl

(5 mL) and warmed to room temperature. The satutvas transferred to a separatory funnel containiatpr (150
mL). The layers were separated and the aqueoas \\egs extracted with GEl, (75 mL). The combined organic
layers were dried over MgS(iltered and concentrated under reduced presstine. crude product was subjected
to flash chromatography over silica gel with hexaBtOAc (4:1). Overlapping fractions were subjdcte a
second chromatography under the same conditioftsdafg (+)-anti aldol product (6.47 g, 9.49 mmol, 57%), (£)-
synaldol product (0.808 g, 1.19 mmol, 7%), and recedd+)2 (1.11 g, 1.87 mmol, 11%), all as orange solids.

Similar treatment of complex (2{11.9 g, 20.0 mmol, 1.0 equiv, 97.5% ee) in,CH (200 mL) with E{N
(3.77 mL, 27.2 mmol, 1.4 equiv) and TBSOTf (5.98,n26.0 mmol, 1.3 equiv), and then addition of anfixed
solution of TiCl (1.0 M in CHCl,, 26.0 mL, 26.0 mmol, 1.3 equiv) and valeraldeh{@®8 mL, 28.0 mmol, 1.4
equiv) in CHCI, (10 mL), afforded (& 69)-(-)-anti aldol product (9.55 g, 14.0 mmol, 70 %, 97.3 %ge)s>° -566
(c 0.12, CHCI,)}. Additionally, synaldol product and (-2-were collected together (1.98 g, HPLC ratio = 8:92

(+)-Anti aldol product:TLC: R;= 0.67 (hexanes-EtOAc = 1:1). IR (jn 3459 (br m), 3123 (w), 2957 (m), 2486
(m), 1969 (s), 1864 (s), 1702 (s), 1664 (s), 1505 1409 (s).'H NMR (a mixture of two rotamers) (400 MHz,
CDCly): 6 8.58 (d,J=2.0 Hz, 0.4 H), 8.40 (d,= 1.6 Hz, 0.6 H), 8.36 (dJ= 1.6 Hz, 0.4 H), 7.68 (d= 2.0 Hz, 0.6
H), 7.64 (d,J = 1.6 Hz, 1.0 H), 7.63 (d, = 2.0 Hz, 0.4 H), 7.60 (d} = 2.0 Hz, 0.4 H), 7.57 (dl = 2.0 Hz, 0.6 H),
7.48-7.51 (m, 2.8 H), 7.40-7.42 (m, 2.2 H), 7.3377(m, 2.0 H), 7.15 (ddl = 6.4 Hz, 1.6 Hz, 0.6 H), 6.25-6.28 (m,
1.4 H), 6.18-6.21 (m, 1.0 H), 5.76 {t= 2.0 Hz, 0.6 H), 5.13-5.29 (m, 2.0 H), 4.81 (d&; 6.0 Hz, 2.0 Hz, 0.4 H),
4.77 (ddJ=5.6 Hz, 1.6 Hz, 0.6 H), 4.04-4.10 (m, 1.0 H),3394 (m, 1.0 H), 3.85 (d,= 2.4 Hz, 0.6 H), 3.60 (d,
J=2.4Hz, 0.4 H), 297 (brs, 0.6 H), 1.98 (br & B), 1.48-1.72 (m, 2.0 H), 1.15-1.43 (m, 4.0 81p1 (t,J=7.2
Hz, 1.8 H), 0.81 (tJ = 7.2 Hz, 1.2 H).*C NMR (100 MHz, CDGJ)): 5 226.0, 225.0, 222.7, 221.9, 195.4, 195.3,
155.7, 154.9, 147.6, 147.5, 146.1, 144.6, 140.8,314.36.7, 136.5, 136.4, 136.3, 129.8, 129.0,8,2828.7, 128.6,
106.4, 106.3, 106.0, 99.5, 96.1, 75.5, 75.4, 6889, 66.0, 64.8, 62.8, 62.3, 60.9, 60.2, 33.49,328.3, 28.2, 22.8,
22.6, 14.2, 14.1. HRMS (ESI) Calcd fopH33BMoN,Og ([M+H]*): 684.1634. Found: 684.1656. HPLC: Dafcel
Chiralpak AS-RH column, Gradient solvent system wsad (% CHCN in H,O with 0.1 % TFA) 0-20 mins (50%
to 75%), 1.5 mL/min} = 254 nm, (8, 69-(-)-anti-7b: ts= 9.16 min; (R, 6R)-(+)-anti-7b: ty= 8.44 min.

(+)-Synaldol product:TLC: R = 0.75 (hexanes-EtOAc = 1:1). IR (n3459 (br), 2957 (m), 1969 (s), 1868 (s),
1710 (s), 1664 (m), 1505 (m), 1455 (WH NMR (a mixture of two rotamers) (400 MHz, CQEI5 8.51 (d,J = 1.6
Hz, 0.6 H), 8.41 (dJ = 2.0 Hz, 0.4 H), 8.36 (d,= 1.6 Hz, 0.6 H), 7.70 (dl = 1.6 Hz, 0.4 H), 7.67 (d, = 1.6 Hz,
0.6 H), 7.63 (dJ = 2.0 Hz, 1.0 H), 7.61 (dl = 2.4 Hz, 0.6 H), 7.58 (dl = 2.4 Hz, 0.4 H), 7.48-7.52 (m, 2.2 H),
7.40-7.42 (m, 1.8 H), 7.29-7.36 (m, 3.0 H), 7.17)d 6.4 H, 0.4 H), 6.26-6.28 (m, 1.5 H), 6.22 (b0 K H), 6.20
(brs, 0.5 H), 5.79 (br s, 0.4 H), 5.19-5.31 (n@ B), 4.77 (tJ=6.0 Hz, 1.0 H), 4.06 (1 = 6.0 Hz, 0.6 H), 4.00 (br
s, 0.4 H), 3.93 (t) = 6.0 Hz, 1.0 H), 3.77 (d,= 5.2 Hz, 0.4 H), 3.68 (d,= 4.4 Hz, 0.6 H), 3.13 (d,= 9.6 Hz, 0.6
H), 3.01 (d,J = 9.6 Hz, 0.4 H), 1.45-1.67 (m, 2.0 Hz), 1.23-1(BY 4.0 H), 0.84-0.95 (m, 3.0 H}:*C NMR (100
MHz, CDCl): 6 225.6, 225.0, 222.7, 221.5, 198.1, 197.6, 154.9, 154.2, 147.1, 147.6,614144.2, 140.6, 140.3,
136.5, 136.4, 136.3, 136.2, 135.2, 134.9 (2), 1342D.4, 128.7, 128.4, 128.2, 128.0, 106.1, 10808.7, 99.4,
96.2, 73.0, 72.6, 69.3, 68.4, 65.6, 64.8, 61.21,680.7, 59.8, 32.8, 32.5, 28.3, 28.2, 22.5, 2P440, 13.9. HRMS
(ESI) Calcd for GgHzaBMoN;Og ([M+H]™): 684.1634. Found: 684.1663.

SI-4

o
—



Coombset al.

*  Dehydration of -hydroxy ketones

TpMo(CO), TpMo(CO),
NI e
:/; 0N
Z-3a E-3a

(-)- and (%)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( 7-2,3,4)-6-ethylene-5-0x0-5,6-dihydro42-pyran-2-
yllmolybdenum, (-)- and &)-3a.

There are two different methods to perform mesytaélimination reactions:

To a solution of £)-syndicarbonyl[hydridotris(1-pyrazolyl)borato][&69-(7-2,3,4)-6-(1-hydroxyethyl)-5-0x0-5,6-
dihydro-2H-pyran-2-yllmolybdenum (55 mg, 0.11 mmol, 1.0 equivCH,CI, (5 mL) was added DMAP (6.7 mg,
0.055 mmol, 0.5 equiv), Bl (100uL, 0.715 mmol, 6.5 equiv), and methanesulfonyl ddie (11.3uL, 0.14 mmol,
1.3 equiv). The reaction mixture was stirred fodalys at room temperature and then concentrateer urduced
pressure. The crude reaction mixture was subjdactdhsh chromatography over silica gel with heesiEtOAC
(7:3), affording the major isomet-(+)-3a (45 mg, 0.092 mmol, 85%) and the minor isorggt)-3a (less than 1
mg) as yellow solids.

To a solution of ()anti-dicarbonyl[hydridotris(1-pyrazolyl)borato][&69)-(77-2,3,4)-6-(1-hydroxyethyl)-5-0xo-
5,6-dihydro-H-pyran-2-yljmolybdenum (205 mg, 0.41 mmol, 1.0 ejun CH,Cl, (15 mL) was added DMAP
(24.6 mg, 0.20 mmol, 0.5 equiv),sBt (85pL, 0.61 mmol, 1.5 equiv), and methanesulfonyl cidler(42.6uL, 0.53
mmol, 1.3 equiv). The reaction mixture was stirfed10 minutes at room temperature and then patsedgh a
short pad of silica gel (50% EtOAc in hexanes). $hlvents were completely removed on a rotary erapg and
the residue was dissolved in g, (15 mL). The solution was cooled to 0 °C and D@d L, 0.61 mmol, 1.5
equiv) was slowly addedia syringe. The reaction mixture was stirred for Lihat room temperature and then
passed through a short pad of silica gel and cdrated. Flash chromatography over silica gel wigxanes-
EtOAc (7:3) afforded the major isomEr(+)-3a (125 mg, 0.26 mmol, 63%) and the minor isoiziét)-3a (61 mg,
0.12 mmol, 31%), both as yellow solids.

Similar treatment of (-gnti-dicarbonyl[hydridotris(1-pyrazolyl)borato][&6S)-(/7-2,3,4)-6-(1-hydroxyethyl)-5-
0Xx0-5,6-dihydro-®1-pyran-2-yllmolybdenum (600 mg, 1.18 mmol, 1.0 eq@7.6 %ee) in CKCl, (7.6 mL) and
DMAP (0.014 mg, 0.12 mmol, 0.1 equiv)sBt(246 uL, 1.77 mmol, 1.5 equiv), and methanesyffohloride (149
pL, 1.53 mmol, 1.3 equiv) and then with DBU (352, |2.35 mmol, 2.0 equiv) in Ci€l, (7.6 mL) afforded the
major isomerE-(S)-(-)-3a (376 mg, 0.77 mmol, 65%, 97.6 %eep}> -513 € 0.13, CHCI,)} and the minor
isomerZ-(9)-(-)-3a (168 mg, 0.34 mmol, 29 %, 97.6 %ee)}f* -267 € 0.19, CHCL,)}.

Similar treatment of (-pyndicarbonyl[hydridotris(1-pyrazolyl)borato][&6S)-(/7-2,3,4)-6-(1-hydroxyethyl)-5-0xo-
5,6-dihydro-H-pyran-2-ylJmolybdenum (200 mg, 0.40 mmol, 1.0 eq9i7.6 %ee) in CKCl, (2.5 mL) and DMAP
(4 mg, 0.04 mmol, 0.1 equiv), & (83 puL, 0.60 mmol, 1.5 equiv), and methanesulfahjoride (50 uL, 0.51
mmol, 1.3 equiv) and then with DBU (0.12 mL, 0.7%poi, 2.0 equiv) in CKCl, (2.5 mL) affordedZ-(S)-(-)-3a
(462 mg, 0.94 mmol, 80%, 97.6 %ee). E¢S)-(-)-3awas detected biH NMR.

Procedure for converting mixtures of E-Ba-/Z-(-)-3ato Z-(-)-3a:

To a 1:1 mixture of-(-)-3a/Z-(-)-3a (0.285 g, 0.58 mmol, 1.0 equiv, 97.6 %ee) in dohidromethane (5.6 mL)
was added BN (94 pL, 0.67 mmol, 1.15 equiv) followed by TBSO(H4 pL, 0.67 mmol, 1.15 equiv). After 10
minutes at 23 °C, the reaction mixture was quenefiddwater (2 mL). After extraction with dichlamethane, the
organic layer was cooled to 0 °C and HCI (4.0 Mliaxane, 29 pL, 0.12 mmol, 0.2 equiv) was addedterA5
minutes, volatiles were removed under vacuum. ¢rbde product was purified by silica gel chromasgdry using
hexanes-EtOAc (1:1) to affoigt(-)-3a(0.23 g, 82%, 97.1 %ee) as a yellow solid.

E-(+)-3a TLC: R = 0.57 (hexanes-EtOAc = 3:1). IR (€n3138 (w), 2926 (w), 2494 (w), 1965 (s), 1876 (H60
(m), 1610 (s), 1505 (m), 1409 (m), 1351 (m), 1369,(1220 (m), 1123 (m), 1050 (mjH NMR (600 MHz,
CDCl;): 6 8.48 (d,J= 1.8 Hz, 1 H), 7.93 (d] = 2.4 Hz, 1 H), 7.65 (d] = 2.4 Hz, 1 H), 7.61 (d] = 2.4 Hz, 1 H),
7.59 (dJ=2.4Hz,1H), 751 (d=2.4Hz, 1H),7.23 (ddl= 4.8 Hz, 2.4 Hz, 1 H), 6.29 @,= 2.4 Hz, 1 H), 6.25
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(t,J=1.8Hz, 1 H),6.21 (1=2.4 Hz, 1 H), 5.51 (41 = 7.8 Hz, 1 H), 4.85 (dd = 6.0 Hz, 2.4 Hz, 1 H), 4.15 (dd,

= 6.0 Hz, 4.8 Hz, 1 H), 2.02 (d,= 7.8 Hz, 3 H)!*C NMR (100 MHz, CDGJ): 224.7, 223.4, 184.0, 147.4, 143.8,
142.8, 141.7, 136.5, 136.4, 134.9, 117.5, 106.%.210105.9, 104.9, 73.2, 65.2, 13.2. HRMS (ESI)c@afor
C1sH17BMONgO, ([M]1): 490.0458. Found: 490.0475. HPLC: Dafcélhiralpak AS-RH column, isocratic solvent
system: 55 % CECN in H,O (+ 0.1 % TFA), 1.0 mL/min} = 254 nmE-(S)-(-)-3a t, = 8.94 min;E-(R)-(+)-3a
t(+): 7.43 min.

Z-(#)-3a TLC: R = 0.49 (hexanes-EtOAc = 3:1). IR (€n3127 (w), 2918 (w), 2490 (m), 1965 (s), 188Q 1§71
(m), 1617 (s), 1505 (m), 1409 (m), 1305 (m), 1280, (1123 (M), 1050 (mfH NMR (400 MHz, CDC})): 5 8.49 (d,
J=1.6Hz,1H),7.90 (d1=2.0Hz, 1 H), 7.71 (d]=2.0 Hz, 1 H), 7.62 (d]= 2.0 Hz, 1 H), 7.59 (d]= 2.4 Hz, 1
H), 7.51 (d,J=2.0 Hz, 1 H), 7.29 (dd} = 4.4 Hz, 2.0 Hz, 1 H), 6.28 3,= 2.0 Hz, 1 H), 6.26 () = 2.0 Hz, 1 H),
6.19 (t,J=2.0 Hz, 1 H), 6.03 (q] = 7.6 Hz, 1 H), 4.90 (ddl = 6.4 Hz, 2.4 Hz, 1 H), 4.28 (dd= 6.4 Hz, 4.8 Hz, 1
H), 1.61 (dJ = 7.2 Hz, 3 H)*C NMR (100 MHz, CDGCJ): § 224.2, 223.2, 181.1, 147.3, 144.7, 143.4, 14138,5,
136.4, 134.9, 111.2, 106.4, 106.2, 105.8, 104.63,75.9, 10.2. HRMS (ESI) Calcd fondEl;;BMoNgO; ([M]):
490.0458. Found: 490.0480. HRMS (ESI) Calcd fggHzBMoNgO, ([M-2COJ"): 434.0560. Found: 434.0565.
HPLC: Daicef Chiralpak AS-RH column, isocratic solvent systesb: % CHCN in H,O (+ 0.1 % TFA), 1.0
mL/min., X = 254 nmZ-(§)-(-)-3a t, = 8.81 min;Z-(R)-(+)-3a t)= 6.99 min.

TpMo(CO), TpMo(CO),
N
¢ CC

(I_‘,bz Chz
Z-4a E-4a

(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( 7-2,3,4)-1-(benzyloxycarbonyl)-6-ethylene-5-0x0-5,6-
dihydro-2H-pyridin-2-yllmolybdenum,  (%)-4a To a solution of (xpnti-dicarbonyl[hydridotris(1-
pyrazolyl)borato][(Z5,69)-(/7-2,3,4)-1-(benzyloxycarbonyl)-6-(1-hydroxyethyl)eko-5,6-dihydro-21-pyridin-2-
yllmolybdenum (0.064 g, 0.10 mmol, 1.0 equiv) in £ (2 mL) was added DMAP (0.006 g, 0.05 mmol, 0.5
equiv), EgN (21 puL, 0.15 mmol, 1.5 equiv), and methanesulfonyl cidler(10.5uL, 0.13 mmol, 1.3 equiv). The
reaction mixture was stirred 30 minutes at roomperature and then passed through a short padc# giél (50%
EtOAc in hexanes). The solvents were completelyorerd on a rotary evaporator, and the residue wssoldied in
CH,CI, (4 mL). DBU (22.5uL, 0.15 mmol, 1.5 equiv) was slowly addeid syringe. The reaction mixture was
stirred overnight (16 h) at room temperature arghtpassed through a short pad of silica gel anderdrated.
Flash chromatography over silica gel with hexan&3A€ (1:1) afforded the major isomEgr(+)-4a (0.048 g, 0.08
mmol, 77%) and the minor isomg#(+)-4a (0.005 g, 0.01 mmol, 8%).

Similar treatment of (xpyndicarbonyl[hydridotris(1-pyrazolyl)borato][&69)-(/7-2,3,4)-1-
(benzyloxycarbonyl)-6-(1-hydroxyethyl)-5-0x0-5,6hgidro-2H-pyridin-2-ylimolybdenum (162 mg, 0.254 mmol)
over 1 h afforded a mixture of two isomers (0.138%%0). HPLC analysis of the reaction mixture sbhdwa ratio of
Z/E = 96:4.

E-(#)-4a TLC: R = 0.57 (hexanes-EtOAc = 2:1). IR (&n3123 (w), 2490 (m), 1965 (s), 1880 (s), 1714 1671
(m), 1617 (s), 1505 (m), 1409 (m), 1305 (m), 1220, (1123 (m), 1050 (m)'H NMR (600 MHz, CDC)): & 8.45
(d,J=2.2Hz, 1 H),7.75 (0] =2.2 Hz, 1 H), 7.59 (] = 1.9 Hz, 1 H), 7.56 (d] = 2.2 Hz, 1 H), 7.50 (] = 2.5
Hz, 1 H), 7.39-7.44 (m, 6 H), 7.24 (br s, 1 H),3(6r s, 1 H), 6.29 (J = 2.2 Hz, 1 H), 6.22 (1) = 2.2 Hz, 1 H),
5.99 (br s, 1 H), 5.26 (AB quartet= 12.1 Hz, 2 H), 4.82 (dd,= 7.0 Hz, 2.2 Hz, 1 H), 4.00 (br s, 1 H), 2.11J(%
7.6 Hz, 3 H). °C NMR (150 MHz, CDGJ): § 225.1, 223.1, 188.0, 154.0, 147.5, 144.1, 14136,6], 136.4, 135.5,
135.0, 129.7, 129.2, 128.9 (3), 128.8, 106.4, 1,0808.1, 106.0, 91.9, 69.1, 66.0, 65.0, 14.9. HRHESI) Calcd
for C,gH24BMOoN-Os ([M]): 623.0986. Found: 623.0980.

Z-(+)-4a TLC: R = 0.51 (hexanes-EtOAc = 2:1). IR (&n3123 (w), 2490 (m), 1969 (s), 1876 (s), 1722 1302
(m), 1671 (m), 1621 (m), 1505 (m), 1409 (m), 1369,(1262 (m), 1220 (s), 1123 (m), 1050 (4 NMR (400
MHz, CDCL): 5 8.47 (d,J = 1.6 Hz, 1 H), 8.02 (br s, 1 H), 7.76 (t 1.9 Hz, 1 H), 7.57-7.59 (m, 2 H), 7.49 (dd,
= 2.2 Hz, 0.6 Hz, 1 H), 7.35-7.38 (m, 5 H), 7.1977(m, 1 H), 6.34 (¢) = 7.3 Hz, 1 H), 6.28 (t] = 2.2 Hz, 1 H),
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6.20 (t,J= 2.2 Hz, 1 H), 6.14 (br s, 1 H), 5.22 (s, 2 H8#4(dd,J = 6.0 Hz, 2.5 Hz, 1 H), 4.24-4.26 (m, 1 H), 1.54-
1.59 (m, 3 H)."*C NMR (100 MHz, CDGJ): § 224.5, 223.7, 186.8, 147.6, 143.6, 142.1, 1368,5, 135.5, 135.0,
131.8, 129.0, 129.0 (2), 128.9 (2), 128.7, 1272%.2, 106.5, 106.2, 106.0, 89.3, 69.1, 68.3, 164RMS (ESI)
Calcd for GgH,,BMoN;Os ([M] *): 623.0986. Found: 623.0988.

TpMo(CO), TpMo(CO), TpMo(CO),
\, o \ o) \ o)
NN NS N
Cbz Cbz Cbz
Z-4b E-4b E unconjugated alkene

(-)- and ()-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( #-2,3,4)-1-(benzyloxycarbonyl)-5-0x0-6-pentylene-
5,6-dihydro-2H-pyridin-2-yljmolybdenum, (-)-4b and (x)-4b. To a solution of (+mnti-aldol product (0.133 g,
0.19 mmol, 1.0 equiv) in Ci&l, (5 mL) was added DMAP (0.012 g, 0.10 mmol, 0.5&quEN (40.8puL, 0.29
mmol, 1.5 equiv), and methanesulfonyl chloride 730., 0.25 mmol, 1.3 equiv). The reaction mixture vetisred
for 1 h at room temperature and then passed thraeughort pad of silica gel with hexanes-EtOAc (1:0he
solvents were completely removed on a rotary ewaparthe residue was dissolved in £ (5 mL), and DBU
(22.5uL, 0.15 mmol, 0.8 equiv) was slowly addeid syringe at C. The reaction mixture was stirred overnight at
room temperature. HPLC analysis of the reactiortuné showed a ratio dE-(+)-4a/Z-(+)-4b/(+)-unconjugated
alkene = 79:4:17 (HPLC “yield”: 89%). Careful chratography provided pui2(z)-4b, while E-(+)-4b and (%)-
unconjugated alkene could not be separated.

Similarly, (-)-anti-aldol product (5.01 g, 7.35 mmol, 1.0 equiv, 9%8e) was dissolved in GBI, (100
mL) and DMAP (0.449 g, 3.68 mmol, 0.5 equiv)gNEt(1.53 mL, 11.0 mmol, 1.5 equiv), and methanesuffo
chloride (0.75 mL, 9.56 mmol, 1.3 equiv) were addeduentially. After 2 hours, the solution wasseasthrough a
short pad of silica gel (100 % ethyl acetate) aowlcentrated. The residue was dissolved in@}(100 mL), the
solution was cooled to 8C, and DBU (1.10 mL, 7.35 mmol, 1.0 equiv) was atideopwise. The solution was
warmed to room temperature and stirred 16 hoursrbef was poured into water (100 mL). The layeere
separated and the aqueous layer was extractedOMi€l, (2 x 50 mL). The combined organic layers weredlri
over MgSQ, filtered and concentrated. Flash chromatograpiey silica gel with hexanes-EtOAc (4:1) affordéd
(9-(-)-4b (0.259 g, 0.39 mmol, 5%) ¢]p,> -370 € 0.09, CHCL,)}, and an 83:17 mixture of-(9-(-)-
4b/unconjugated alkene (3.36 g, 5.06 mmol, 69%, 97e8%

E-(+)-4b: TLC: R = 0.57 (hexanes-EtOAc = 2:1). IR (&n2930 (m), 1969 (s), 1876 (s), 1710 (s), 166016p2
(m), 1505 (m), 1467 (m)'H NMR (400 MHz, CDC}): 5 8.43 (d,J = 2.0 Hz, 1 H), 7.72 (d] = 2.4 Hz, 1 H), 7.58
(d,3=2.0Hz, 1 H), 7.55 (br s, 1 H), 7.49 (x 2.4 Hz, 1 H), 7.42 (br s, 2 H), 7.37-7.41 (m, A H24 (br s, 1 H),
6.48 (brs, 1 H), 6.27 (§ = 2.4 Hz, 1 H), 6.20 (1) = 2.0 Hz, 1 H), 5.97 (br s, 1 H), 5.24 (s, 2 HBG}(dd,J = 6.0

Hz, 2.4 Hz, 1 H), 3.98 (br s, 1 H), 2.54-2.68 (nHR 1.25-1.44 (m, 4 H), 0.88 @,= 6.8 Hz, 3 H)."*C NMR (100
MHz, CDCL): 6 225.1, 223.0, 187.7, 153.9, 147.3, 144.1, 14(8,5], 136.3, 135.3, 135.1, 134.8, 129.0, 128.8 (3),
128.7, 128.1, 106.3, 106.0, 105.8, 92.0, 69.0, ,6650, 32.0, 28.3, 22.5, 14.1. HRMS (ESI) Calad f
CaoH3:BMON;Os ([M+H]"): 666.1528. Found: 666.1550. HPLC: Dafc&hiralpak AS-RH column, Gradient
solvent system was used (% §&HN in H,O with 0.1 % TFA) 0-20 mins (50% to 75%), 1.5 mUAyil = 254 nm,
(9-(-)-E-4b: ts= 15.36 min; R)-(+)-E-4b: t= 14.36 min; unconjugated alkeng=16.41 min.

Z-(+)-4b: TLC: R = 0.54 (hexanes-EtOAc = 2:1). IR (&n2930 (m), 1969 (s), 1880 (s), 1702 (s), 16681613
(m), 1505 (m), 1455 (m)*H NMR (400 MHz, CDC)): 8.47 (d,J = 1.2 Hz, 1 H), 7.77 (d] = 1.6 Hz, 1 H), 7.58-
7.59 (m, 2 H), 7.50 (d] = 2.0 Hz, 1 H), 7.34-7.43 (m, 6 H), 7.21 (br &)1 6.28 (br s, 1 H), 6.25 (8,= 6.8 Hz, 1
H), 6.20 (br s, 1 H), 6.15 (br s, 1 H), 5.22 (b2d), 4.82 (dd,) = 6.4 Hz, 2.0 Hz, 1 H), 4.25 (br s, 1 H), 1.68-2.00
(m, 2 H), 1.18-1.38 (m, 4 H), 0.84 (t= 6.8 Hz, 3 H).»*C NMR (100 MHz, CDGJ): 5 224.4, 223.7, 186.8, 147.4,
143.3, 142.0, 136.5, 136.4, 135.3, 134.9, 130.6,113128.9 (2), 128.8, 128.7 (2), 128.6, 106.4,.10805.9, 88.8,
68.9, 68.2 (2), 30.8, 29.9, 22.6, 14.0. HRMS (ESHlcd for GgHz:BMoN;Os ([M+H]*): 666.1528. Found:
666.1498.
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Note that Z and E isomers (above) are assigned dmgpering the'H chemical shift differences4¢) of the
alkylidene proton, which are shifted downfield b$2) 0.15, and 0.23 ppm f&a, 4a, and4b in the Z isomers,
owing to the deshielding effect of the adjacenboayl group.

2. Grignard Addition

TpMo(CO), TpMo(CO),

Xt e
DG YN AP Gt
Z-5 E-5

(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(7-2,3,4)-5-allyl-6-ethylene-5-hydroxy-5,6-dihydro-
2H-pyran-2-yllmolybdenum, (£)-5. To a solution oZ-(+)-3a (120 mg, 0.25 mmol, 1.0 equiv) in THF (3 mL) was
added allylmagnesium bromide (1.0 M i@t 0.37 mL, 0.37 mmol, 1.5 equiv) at —78 °C. Thect®mn mixture was
slowly warmed to —50 °C over 1 hour, and then gbedavith saturated NaHG@olution (1 mL). The mixture was
poured into a separatory funnel containing,CH (10 mL) and HO (10 mL) and the layers were separated. The
aqueous layer was extracted with £} (2 x 5 mL), and the combined organic layers waieddover NaSOy,
filtered, and concentrated. Flash chromatograpler gilica gel with hexanes-EtOAc (4:1) affordéq+)-5 (114
mg, 0.22 mmol, 87%) as a bright yellow solid.

Similar treatment oE-(+)-3a (100 mg, 0.21 mmol, 1.0 equiv) with allyimagnesitmomide (0.31 mL,
0.31 mmol, 1.5 equiv) affordeg(+)-5 (88 mg, 0.17 mmol, 81%) as a bright yellow solid.

Z-(£)-5: TLC: R = 0.71 (hexanes-EtOAc = 3:1). IR (€in3594 (w), 3478 (br w), 3127 (w), 3146 (w), 30(9),
2918 (w), 2864 (w), 2482 (m), 1942 (s), 1845 (§03 (m), 1409 (s), 1305 (s), 1220 (s), 1123 (shol(s).'H
NMR (400 MHz, CDC}): 5 8.48 (d,J = 1.9 Hz, 1 H), 7.94 (d] = 1.9 Hz, 1 H), 7.69 (d] = 1.9 Hz, 1 H), 7.58 (]
=2.2 Hz, 1 H), 7.57 (d] = 2.5 Hz, 1 H), 7.50 (d] = 2.5 Hz, 1 H), 7.04 (dd] = 4.1 Hz, 2.5 Hz, 1 H), 6.28 3,= 2.2
Hz, 1 H), 6.22 (tJ = 2.2 Hz, 1 H), 6.21 (t] = 2.2 Hz, 1 H), 5.93-6.03 (m, 1 H), 5.15-5.19 (nHR 4.94 (qJ = 7.0
Hz, 1 H), 4.64 (ddJ = 7.3 Hz, 2.5 Hz, 1 H), 3.60 (dd= 7.6 Hz, 4.4 Hz, 1 H), 3.18 (s, 1 H), 2.63 (dotblef AB
quartet,J = 13.0 Hz, 8.3 Hz, 2 H), 1.58 (d,= 7.0 Hz, 3 H).*C NMR (100 MHz, CDCJ): § 232.1, 225.3, 151.5,
147.0, 142.9, 141.8, 136.3, 136.2, 134.7, 133.8,51107.2, 106.3, 105.9, 105.6, 102.6, 77.4, &N, 52.1, 9.7.
HRMS (ESI) Calcd for §H,sBMoNgO, ([M]*): 532.0928. Found: 532.0935.

E-(+)-5: TLC: R = 0.70 (hexanes-EtOAc = 3:1). IR (&n 3601 (m), 3474 (br w), 3127 (w), 3146 (w), 2922,
2482 (m), 1938 (s), 1841 (s), 1505 (m), 1409 (8P5L(s), 1220 (s), 1200 (s), 1123 (s), 1050 td)NMR (400
MHz, CDCk): 58.48 (d,J= 1.9 Hz, 1 H), 7.98 (d] = 2.2 Hz, 1 H), 7.60 (d] = 1.9 Hz, 1 H), 7.57 (d] = 2.3 Hz, 2

H), 7.50 (d,J = 1.9 Hz, 1 H), 6.93 (ddl = 4.4 Hz, 2.9 Hz, 1 H), 6.29 @,= 2.1 Hz, 1 H), 6.21 (] = 2.2 Hz, 2 H),
6.02 (dddd,) = 16.6 Hz, 10.2 Hz, 6.7 Hz, 3.5 Hz, 1 H), 5.16-5(@2 2 H), 4.94 (qJ = 7.6 Hz, 1 H), 4.63 (dd] =

7.6 Hz, 2.5 Hz, 1 H), 3.61 (dd;= 7.3 Hz, 4.5 Hz, 1 H), 3.39 (s, 1 H), 2.68 (dotsblef AB quartet,) = 13. 7 Hz, 5.6
Hz, 2 H), 1.75 (dJ = 7.9 Hz, 3 H)1*C NMR (100 MHz, CDCJ): § 232.1, 225.5, 149.5, 147.1, 143.5, 141.5, 136.3,
136.1, 134.7, 133.9, 118.7, 107.2, 106.2, 105.8,7,0105.6, 81.2, 77.4, 60.8, 51.1, 11.6. HRMS JE=lcd for
Cr1H25BMONO; ([M]*): 532.0928. Found: 532.0937.

TpMo(CO), OH

v

Z-6
(-)- and @&)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(n-2,3,4)-5-hydroxy-6-propylene-5-vinyl-5,6-
dihydro-2H-pyran-2-yllmolybdenum, Z-(-)-6 and Z-(+)-6. To a solution ofZ-(+)-3a (488 mg, 1.0 mmol, 1.0
equiv) in THF (6 mL) was added vinylmagnesium brden{0.87 M in THF, 0.23 mL, 2.0 mmol, 2.0 equiv)-d0
°C. The mixture was stirred at —40 °C for 1 housymed to —10 °C over 30 minutes, and then queneftadvater
(1 mL). The mixture was poured into a separatonnél containing CkCl, (10 mL) and water (10 mL). The layers
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were separated and the aqueous layer was extradtieH,Cl, (2 x 5 mL). The combined organic layers dried
over NaSQ,, filtered, and concentrated to give a yellow diflash chromatography over silica gel with hexanes-
EtOAc (4:1) afforded-(+)-6 (506 mg, 0.98 mmol, 98%) as a bright yellow solid.

Similar treatment ofZ-(-)-3a (25 mg, 0.050 mmol, 1.0 equiv, 97.1 %ee) in THF i) with
vinylmagnesium bromide (1.0 M in THF, 0.21 mL, 0/2ol, 4.0 equiv) afforded-(2S, 59-(-)-6 (21 mg, 0.041
mmol, 81%, 97.1 %ee) o> -214 € 2.0, CHCI,)}.

TLC: R = 0.66 (hexanes-EtOAc = 3:1). IR (&n3594 (w), 3474 (br w), 3146 (w), 3127 (w), 2918, 2864 (w),
2482 (m), 1942 (s), 1845 (s), 1505 (m), 1409 (851(s), 1220 (s), 1197 (s), 1123 (s), 1050 €)NMR (400
MHz, CDCL): 6 8.49 (d,J=2.0 Hz, 1 H), 7.94 (d]= 2.0 Hz, 1 H), 7.69 (d1=2.0 Hz, 1 H), 7.59 (d1= 2.4 Hz, 1
H), 7.57 (dJ=2.4 Hz, 1 H), 7.50 (d] = 2.4 Hz, 1 H), 7.07 (ddl = 4.4 Hz, 2.4 Hz, 1 H), 6.28 d,= 2.4 Hz, 1 H),
6.22 (t,J=2.0 Hz, 1 H), 6.19 () = 2.0 Hz, 1 H), 6.11 (ddd,= 17.2 Hz, 10.8 Hz, 0.8 Hz, 1 H), 5.46 (dds 17.2
Hz, 1.2 Hz, 1 H), 5.08 (dd,= 10.4 Hz, 0.8 Hz, 1 H), 5.04 (4,= 6.8 Hz, 1 H), 4.59 (dd} = 7.6 Hz, 2.4 Hz, 1 H),
3.67 (dd,J=7.6 Hz, 4.4 Hz, 1 H), 3.34 (d,= 0.8 Hz, 1 H), 1.58 (d] = 7.2 Hz, 3 H)}*C NMR (100 MHz, CDGJ)):
8 232.5, 225.1, 150.9, 146.8, 145.0, 142.8, 14136,3, 136.1, 134.6, 111.4, 107.2, 106.1, 105.8,5.0%2.5, 76.4,
76.1, 60.2, 9.7. HRMS (ESI) Calcd fordH,:BMoNgO, ([M]*): 518.0771. Found: 518.0775. HPLC: Dafcel
Chiralpak AS-RH column, isocratic solvent syste@:% CHCN in H,O (+ 0.1 % TFA), 0.9 mL/min}, = 254 nm,
Z-(2S, 59-(-)-6: ty = 14.39 min;Z-(2R, 5R)-(+)-6: t) = 16.46 min.

TpMo(CO),

3

z-7
(x)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(n-2,3,4)-6-ethylene-5-hydroxy-5-phenyl-5,6-dihydro-
2H-pyran-2-ylJmolybdenum, Z-(+)-7. To a solution ofZ-(+)-3a (300 mg, 0.62 mmol, 1.0 equiv) in THF (2 mL)
was added phenylmagnesium bromide (1.0 M in THE3 InL, 1.23 mmol, 2.0 equiv) at —78 °C. The mixtwaes
stirred at —78C for 2 hours, warmed to —15 °C over 30 minuted,then quenched with water (1 mL). The mixture
was poured into a separatory funnel containing@} {10 mL) and HO (10 mL). The layers were separated and
the aqueous layer was extracted with,CH (2 x 5 mL). The combined organic layers were dioedr NaSQOy,
filtered, and concentrated. Flash chromatographer silica gel with hexanes-EtOAc (4:1) afford@dz+)-7 (223
mg, 0.39 mmol, 64%) as a bright yellow solid.

TLC: R = 0.70 (hexanes-EtOAc = 3:1). IR (n3594 (w), 3474 (br w), 3146 (w), 3127 (w), 2918, 2864 (W),
2486 (m), 1942 (s), 1845 (s), 1505 (m), 1409 (3P5L(s), 1220 (s), 1123 (s), 1050 {($).NMR (300 MHz, CDC}):
58.51 (dJ=1.8 Hz, 1 H), 7.95 (dl = 2.1 Hz, 1 H), 7.74 (dl = 1.5 Hz, 1 H), 7.72 (d] = 7.2 Hz, 1 H), 7.67 (d] =

1.8 Hz, 1 H), 7.57-7.54 (m, 1 H), 7.50 (= 2.4 Hz, 1 H), 7.37 (appd,= 7.5 Hz, 2 H), 7.26 (dd] = 8.2 Hz, 5.1
Hz, 2 H), 7.14 (dd) = 4.3 Hz, 1.8 Hz, 1 H), 6.30 (applt= 2.1 Hz, 1 H), 6.20 (appd,= 2.1 Hz, 1 H), 6.17 (appd,
=2.1 Hz, 1 H), 5.15 (q] = 6.9 Hz, 2 H), 4.84 (dd, = 7.6 Hz, 2.7 Hz, 1 H), 1.62 (d,= 6.9 Hz, 3 H)>C NMR (100
MHz, CDCL): 5 233.3, 225.5, 152.0, 149.3, 147.1, 143.2, 14138,4, 136.2, 134.8, 128.6 (2), 128.6, 127.5, 124.8,
106.6, 106.3, 105.9, 105.6, 103.8, 80.4, 61.1, HRMS (ESI) Calcd for &H,sBMoNgO, ([M]*): 568.0928.
Found: 568.0918.

TpMo(CO),
OH

Z-8
(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(7-2,3,4)-6-ethylene-5-hydroxy-5-methyl-5,6-dihydro-
2H-pyran-2-yllmolybdenum, Z-(+)-8. To a solution o#Z-(x)-3a (300 mg, 0.62 mmol, 1.0 equiv) in THF (4 mL)
was added methylmagnesium bromide (3.0 M y©OED.41 mL, 1.23 mmol, 2.0 equiv) at —78 °C. Thetare was
stirred at the same temperature for 1 hour, and theenched with water (1 mL). The mixture was pdurgo a

SI-9

o
—
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separatory funnel containing GEl, (10 mL) and HO (10 mL). The aqueous layer was extracted with@}H(2 x

5 mL). The combined organic layers were dried dVaiSQ,, filtered, and concentrated. The residue wasestdyj
to flash chromatography over silica gel with hexaBtOAc (4:1), affordingZ-(+)-8 (220 mg, 0.44 mmol, 71%) as a
bright yellow solid.

TLC: R = 0.72 (hexanes-EtOAc = 3:1). IR (33594 (w), 3462 (br w), 3146 (w), 3127 (W), 2989, 2856 (W),
2482 (m), 1942 (s), 1841 (s), 1505 (m), 1409 (805L(s), 1220 (s), 1200 (s), 1123 (s), 1050 ¢&)NMR (300
MHz, CDCL): 58.46 (d,J = 1.8 Hz, 1 H), 7.94 (d] = 1.8 Hz, 1 H), 7.70 (d] = 1.8 Hz, 1 H), 7.58-7.56 (m, 2 H),
7.49 (d,J = 1.8 Hz, 1 H), 7.04 (dd} = 4.0 Hz, 2.7 Hz, 1 H), 6.28 (applt= 2.1 Hz, 1 H), 6.22-6.19 (m, 2 H), 4.99
(q,J=6.9 Hz, 1 H), 4.66 (dd = 7.5 Hz, 2.4 Hz, 1 H), 3.54 (dd= 7.5 Hz, 4.5 Hz, 1 H), 3.26 (br s, 1 H), 1.673s,
H), 1.55 (d,J = 6.9 Hz, 3 H). *C NMR (150 MHz, CDG)): & 232.8, 225.0, 153.4, 147.0, 142.8, 141.9, 136.4,
136.2, 134.7, 107.6, 106.3, 105.9, 105.6, 101.04,78.1, 59.8, 35.8, 9.7. HRMS (ESI) Calcd fqsH;:BMONgO,
(IM]"): 506.0771. Found: 506.0779.

TpMo(CO),
OH

(\\/gl Pr

zZ-9
(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(n-2,3,4)-6-ethylidene-5-hydroxy-5-isopropyl-5,6-
dihydro-2H-pyran-2-yllmolybdenum, Z-(+)-9. To a solution ofZ-(+)-3a (25 mg, 0.050 mmol, 1.0 equiv) in dry
THF (2 mL) at —40 °C was added isopropyl magnesalnoride (1.6 M in BEO, 128 pL, 0.20 mmol, 4 equiv).
After one hour, the reaction mixture was quenchél water and extracted with dichloromethane (Dx1iL). The
combined organic layers were washed with brineedddver MgS@ and concentrated under vacuum. The yellow
oil was then purified by flash chromatography osiica gel with hexanes-EtOAc (4:1), affordidg(+)-9 (6.0 mg,
0.011 mmol, 21%) as a yellow solid.

TLC: R = 0.72 (hexanes-EtOAc = 1:1). IR (&n 2956 (w), 2483 (w), 1956 (s), 1865 (1 NMR (400 MHz,
CDCly): 58.47 (d,J = 1.6 Hz, 1 H), 7.93 (d] = 1.6 Hz, 1 H), 7.65 (dl = 2.4 Hz, 1 H), 7.57-7.56 (m, 2 H), 7.48 (d,
J=2.4Hz, 1H), 6.98 (ddl = 4.4, 2.4 Hz, 1 H), 6.27 (appX= 2.0 Hz, 1 H), 6.22-6.20 (m, 2 H), 4.93-4.89 (in,
H), 4.73 (ddJ = 7.6 Hz, 2.8 Hz, 1 H), 3.70 (dd= 7.6 Hz, 4.4 Hz, 1 H), 3.06 (br s, 1 H), 1.950L(fn, 1 H), 1.56
(d,J = 7.2 Hz, 3 H), 1.19 (d] = 6.4 Hz, 3 H), 1.03 (d] = 6.8 Hz, 3 H}*C NMR (100 MHz, CDGJ): & 232.8,
225.9, 151.4, 147.0, 143.1, 141.7, 136.4, 136.4,7,3.06.4, 106.2, 105.9, 105.7, 103.3, 77.8, 6127, 18.3, 16.9
(2), 9.7. HRMS (ESI) Calcd for gH,sBMoNeO, (IM]*): 534.1084. Found: 534.1080.

TpMo(CO),
OH

S
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Z-10
(x)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(n-2,3,4)-6-ethylidene-5-hydroxy-5Sert-butyl-5,6-
dihydro-2H-pyran-2-yllmolybdenum, Z-()-10. To a solution ofZ-(+)-3a (0.100 g, 0.20 mmol, 1.0 equiv) in dry
THF (2 mL) at —40 °C was addéett-butylmagnesium chloride (2.0 M in J&, 205 pL, 0.41 mmol, 2 equiv). After
one hour, the reaction mixture was quenched wittewand extracted with dichloromethane (2 x 10 me
combined organic layers were washed with brineedddver MgS@ and concentrated under vacuum. The yellow
oil was then purified by flash chromatography os#ica gel with hexanes-EtOAc (4:1), affordig()-10 as a
yellow solid (28 mg, 0.051 mmol, 25%).

TLC: R = 0.68 (hexanes-EtOAc = 1:1). IR (&n 2920 (w), 2469 (m), 1920 (s), 1829 (# NMR (400 MHz,
CDCly): 58.47 (d,J = 1.8 Hz, 1 H), 7.95 (d] = 1.8 Hz, 1 H), 7.61 (dl = 1.5 Hz, 1 H), 7.58-7.56 (m, 2 H), 7.48 (d,
J=2.1Hz, 1 H), 6.96 (dd} = 4.0 Hz, 2.4 Hz, 1 H), 6.27 (appdtF 2.1 Hz, 1 H), 6.22-6.20 (m, 2 H), 4.92 (o5
6.6 Hz, 1 H), 4.76 (dd] = 7.6 Hz, 2.1 Hz, 1 H), 3.91 (dd= 7.6 Hz, 4.3 Hz, 1 H), 3.08 (br s, 1 H), 1.58]¢&; 6.6
Hz, 3 H), 1.14 (s, 9 HY*C NMR (100 MHz, CDGJ): & 233.4, 226.7, 150.5, 147.0, 143.7, 141.4, 13636,11
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134.7, 106.2, 105.9, 105.7, 105.4, 104.6, 79.38,784.6, 41.8, 25.8 (3), 9.8. HRMS (ESI) Calcd for
C,:Ho7BMoNgO, ([M] 7): 548.1241. Found: 548.1248.

TpMo(CO), TpMo(CO),
\, _OH \ _OH
@%ﬁ\ PG\
N N
Cbz Cbz
Z-11 E-11

(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(n-2,3,4)-5-allyl-1-(benzyloxycarbonyl)-6-ethylene-5-
hydroxy-5,6-dihydro-2H-pyridin-2-ylJmolybdenum, (+)-11. To a solution oZ-(+)-4a (0.460 g, 0.74 mmol, 1.0
equiv) in THF (12 mL) was added allylmagnesium biasm(1.0 M in E$O, 0.89 mL, 0.89 mmol, 1.2 equiv) at —78
°C. The reaction mixture was stirred at —78 °CHaoninutes and then quenched with water (1 mL)e Trtixture
was poured into a separatory funnel containing@10 mL) and water (10 mL) and the layers were sspdr
The aqueous layer was extracted with,CH (2 x 5 mL). The combined organic layers driedraNe, SOy, filtered,
and concentrated. Flash chromatography over giitavith hexanes-EtOAc (4:1) afford@e(+)-11 (0.484 g, 0.73
mmol, 99%) as a bright yellow solid.

Similar treatment oE-(+)-4a (0.600 g, 0.97 mmol, 1.0 equiv) with allylmagnesibbromide (1.0 M in
Et,O, 1.1 mL, 1.16 mmol, 1.2 equiv) in THF (15 mL) afledE-(+)-11 (0.640 g, 0.96 mmol, 99%) as a bright
yellow solid.

Z-(+)-11: TLC: R = 0.41 (hexanes-EtOAc = 3:1). IR (§n3590 (w), 3470 (br w), 2941(w), 2918 (w), 2488)(
1949 (s), 1872 (s), 1849 (s), 1687 (s), 1505 (mA71(s), 1409 (s), 1293 (s), 1220 (s), 1123 (s30I®). ‘H NMR
(600 MHz, CDC}): 58.49 (br s, 1 H), 7.90 (br s, 2 H), 7.60 (br $J)27.49 (d,J = 1.4 Hz, 1 H), 7.30-7.44 (m, 5 H),
6.93 (br's, 1 H), 6.28 (br s, 1 H), 6.16-6.22 (n)25.82-5.90 (m, 1 H), 5.36-5.48 (m, 1 H), 5.28J= 12.0 Hz, 1
H), 5.05-5.13 (m, 2 H), 4.61-4.62 (m, 1 H), 3.728(m, 1 H), 3.59-3.65 (m, 1 H), 3.03 (br s, 1 BLF6-2.60 (m, 1
H), 2.45-2.46 (m, 1 H), 1.49 (d,= 6.7 Hz, 3 H).*3C NMR (150 MHz, CDGJ): § 231.3, 224.9, 155.6, 147.0, 143.2,
142.1, 136.5, 136.4, 136.2, 136.1, 134.7, 134.8,7(2), 128.32, 128.30, 127.8, 118.5, 115.6, 10B08,9, 105.7,
83.5, 83.1, 76.3, 68.3, 61.1, 49.7, 14.4. HRMSI(ESalcd for GgH:BMON,Os ([M]*): 665.1456. Found:
665.1465.

E-(#)-11: TLC: R = 0.43 (hexanes-EtOAc = 3:1). IR (&jn3601 (m), 3478 (br w), 3123 (w), 2937 (w), 2483),
1945 (s), 1845 (s), 1691 (s), 1505 (m), 1455 (WNIL(s), 1293 (s), 1220 (s), 1123 (s), 1073 (s301@). ‘H NMR
(600 MHz, CDC}): 68.50 (dJ=1.9 Hz, 1 H), 7.91 (d] = 1.4 Hz, 1 H), 7.85 (br s, 1 H), 7.58 (s 1.4 Hz, 2 H),
7.50 (d,J=1.9 Hz, 1 H), 7.34-7.38 (m, 5 H), 7.00 (ds 4.8 Hz, 1 H), 6.28 (} = 2.4 Hz, 1 H), 6.20 (1) = 2.4 Hz,

1 H), 6.17 (br s, 1 H), 5.80-5.97 (m, 1 H), 5.48¢b1 H), 5.23-5.30 (m, 2 H), 5.12-5.16 (m, 2 #B5 (ddJ=7.2
Hz, 1.9 Hz, 1 H), 3.57 (br s, 1 H), 3.28 (br s, )1 Bi61 (doublets on the left side of AB quartet; 13. 8 Hz, 8.1
Hz, 1 H), 2.53-2.54 (m, 1 H), 1.93 @@= 7.1 Hz, 3 H). °C NMR (150 MHz, CDGJ)): 231.7, 224.6, 147.1, 143.1,
142.1, 136.6, 136.4, 136.2, 134.6, 134.3, 133.9(28.7(3), 128.2, 127.7, 120.7, 118.7, 106.2, 10805.6, 83.1,
78.4, 68.1, 68.0, 60.3, 50.0, 13.2. HRMS (ESI)@dbr GgHzBMoN;Os ([M]*): 665.1456. Found: 665.1435.

TpMo(CO),

NS

E-12
E-(-)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,5S)-(7-2,3,4)-5-allyl-1-(benzyloxycarbonyl)-5-hydroxy-
6-pentylene-5,6-dihydro-H-pyridin-2-ylJmolybdenum,  E-(-)-12. A mixture of compounds E-(-)-
4b/unconjugated alkene (approx. 83:17) (0.194 g, 2%ol, 1.0 equiv, 97.8% ee) was dissolved in THFN(S
and cooled to —78C. Allylmagnesium bromide (1.0 M in £, 0.32 mL, 0.32 mmol, 1.1 equiv) was added
dropwise. After 15 minutes, additional allylmagioes bromide (1.0 M in EO, 0.32 mL, 0.32 mmol, 1.1 equiv)
was added. After 15 minutes, water (1 mL) was ddale the reaction mixture was warmed to room teatpee.
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The solution was poured into a separatory funnetaining water (10 mL) and GBI, (10 mL) and the layers were
separated. The aqueous layer was extracted witiClgk2 x 5 mL), dried over MgSg filtered and concentrated.
Flash chromatography over silica gel with hexant3A€ (4:1) affordede-(2S, 59)-(-)-12 (0.188 g, 0.27 mmol,
92%, 97.7% ee), containing 12% impurity by HPLCaasllow solid.

Intermediate allylic alcohol E-(-)2, containing an inseparable impurity, could be &ed and partially
characterized as follows:

TLC: R = 0.49 (hexanes-EtOAc = 3:1). IR (¢n3601 (m), 3474 (br w), 3123 (w), 2957 (w), 298%), 2860 (W),
2482 (m), 1945 (s), 1845 (s), 1687 (s), 1505 (Wh5L(w), 1409 (s), 1293 (s), 1220 (s), 1123 (shal®). '"H NMR
(400 MHz, CDC}): 68.47 (d,J=1.6 Hz, 1 H), 7.86 (d] = 1.9 Hz, 1 H), 7.84 (br s, 1 H), 7.55 (s 2.2 Hz, 2 H),
7.47 (d,J=2.5Hz, 1 H), 7.31-7.36 (m, 5 H), 6.97 (br s, | 6126 (t,J= 2.2 Hz, 1 H), 6.17 (1) = 2.2 Hz, 1 H),
6.16 (brs, 1 H), 5.85-5.95 (m, 1 H), 5.20-5.29 &), 5.07-5.11 (m, 2 H), 4.60 (ddi= 7.3 Hz,J = 2.5 Hz, 1 H),
3.53-3.55 (m, 1 H), 3.20 (s, 1 H), 2.31-2.59 (nH)4 1.10-1.30 (br s, 4 H), 0.81 (br s, 3 H}C NMR (100 MHz,
CDCly) 6 231.8, 224.4, 147.1 (2), 142.9, 142.1, 136.3,1,3634.6, 133.9, 133.0, 128.6 (2), 128.3, 128.2%2Y.1,
118.6, 106.2, 105.8, 105.6, 83.3, 78.2, 68.1, 6@9.9, 32.4, 26.9, 22.4, 14.2. HRMS (ESI) Calcd fo
CsH3BMON;Os ([M+H]™): 708.1998. Found: 708.2029. HPLC: Daﬁ@célhiralpak AS-RH column, Gradient
solvent system was used (% £HN in H,O with 0.1 % TFA) 0-20 mins (50% to 75%), 1.5 mbUiyik = 254 nm,
(2S, 59)-(-)-E-12: ts= 15.90 min; (&, 59-(+)-E-12: tg= 15.17 min.

Note: The Grignard addition/semipinacol rearrangemnsequence could be performed in one-pot, as dbestr
below for compound0.

TpMo(CO),
OH

Z-(+)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,55)-(7-2,3,4)-5-allyl-1-(benzyloxycarbonyl)-5-hydroxy-
6-pentylene-5,6-dihydro-2-pyridin-2-yllmolybdenum, Z-(+)-12. CompoundZ-(+)-4b (0.108 g, 0.16 mmol, 1.0
equiv) was dissolved in THF (10 mL) and cooled 7@ 2C. Allyilmagnesium bromide (1.0 M in £, 0.33 mL,
0.33 mmol, 2.0 equiv) was added. After 5 minutesaturated aqueous solution of J&H(1 mL) was added and
the reaction mixture was warmed to room temperatditee solution was poured into water (20 mL) amel layers
were separated. The aqueous layer was extractedOM,Cl, (10 mL), and the combined organic layers wereddrie
over MgSQ, filtered, and concentrated. Flash chromatograpley silica gel with hexanes-EtOAc (4:1 then 2:1)
affordedZ-(+)-12 (0.104 g, 0.15 mmol, 93%) as a yellow solid.

TLC: R, = 0.48 (hexanes-EtOAc = 2:1). IR (n3466 (br w), 2930 (m), 1949 (s), 1872 (s), 18853 1691 (s).*H
NMR (400 MHz, CDCY): § 8.47 (br s, 1 H), 7.91 (d,= 2.0 Hz, 1 H), 7.89 (br s, 1 H), 7.57Jt 2.0 Hz, 2 H), 7.49
(d,J = 2.4 Hz, 1 H), 7.30-7.40 (m, 5 H), 6.89-6.93 (iTH), 6.28 (tJ = 2.4 Hz, 1 H), 6.21 (br s, 1 H), 6.19 dt=

1.6 Hz, 1 H), 5.78-5.95 (m, 1 H), 5.24-5.34 (m, 2 5104-5.16 (m, 3 H), 4.60-4.68 (m, 1 H), 3.5483(fn, 1 H),
3.05 (s, 1 H), 2.58 (ddl = 13.6 Hz, 8.4 Hz, 1 H), 2.41-2.48 (m, 1 H), 1898 (m, 1 H), 1.62-1.73 (m, 1 H), 1.23-
1.43 (m, 4 H), 0.82-0.93 (m, 3 H}*C NMR (100 MHz, CDG): § 231.3, 224.8, 155.7, 147.0, 143.2, 141.9, 136.3,
136.1, 134.7, 134.6, 134.0, 128.6 (2), 128.4, 12823.7, 121.1, 118.4, 106.2, 105.8, 105.6, 83341,876.2, 68.2,
61.1, 49.6, 31.3, 28.5, 22.8, 14.2. HRMS (ESI)c@dbr G,Hs;BMoN-Os (M+H]*): 708.1997. Found: 708.1994.
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3. Semipinacol Rearrangement
TpMo(CO),

CG

()-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,65)-(n-2,3,4)-6-allyl-6-ethyl-5-0x0-5,6-dihydro-2i-pyran-
2-yllmolybdenum, #)-13. To a solution ofZ-(+)-5 (61 mg, 0.11 mmol, 1.0 equiv) in GEl, (4 mL) was added
HCI (4.0 M in dioxane, 32 uL, 0.13 mmol, 1.2 equit)0 °C. The reaction mixture was stirred at @t minutes
and then passed through a short pad of silicaltel.solvents were completely removed on a rotaaperator, and
the residue was further purified by flash chromeapy over silica gel with hexanes-EtOAc (4:1) tiwid (+)-13
(58 mg, 0.11 mmol, 95 %) as an orange solid.

Similar treatment oE-(+)-5 (27 mg, 0.051 mmol, 1.0 equiv) in GEl, (2 mL) with HCI (14 pL, 0.056
mmol, 4.0 M in dioxane, 1.1 equiv) at 0 °C affordept13 (25.5 mg, 0.048 mmol, 94 %) as an orange solid.

TLC: R = 0.49 (hexanes-EtOAc = 3:1). IR (&n3594 (w), 3478 (br w), 3127 (w), 3146 (w), 30/, 2918 (W),
2864 (w), 2482 (m), 1942 (s), 1845 (s), 1505 (9 (s), 1305 (s), 1220 (s), 1123 (s), 1050 8)NMR (600
MHz, CDCk): 6 8.53 (d,J= 1.9 Hz, 1 H), 7.96 (dJ= 1.4 Hz, 1 H), 7.68 (d1= 1.4 Hz, 1 H), 7.62 (d1= 2.4 Hz, 1
H), 7.57 (dJ = 2.4 Hz, 1 H), 7.53 (ddl = 4.3 Hz, 1.9 Hz, 1 H), 7.51 (d,= 2.4 Hz, 1 H), 6.30 (1) = 1.9 Hz, 1 H),
6.25 (t,J=1.9 Hz, 1 H), 6.21 () = 1.9 Hz, 1 H), 5.80-5.87 (m, 1 H), 5.14 (s, 1 Bl}12 (d,J=5.2 Hz, 1 H), 4.74
(dd,J=5.7 Hz, 1.9 Hz, 1 H), 4.13 @,= 5.2 Hz, 1 H), 2.47 (doublet of AB quartétz 15.3 Hz, 7.2 Hz, 2 H), 1.6
(doublet of AB quartet) = 14.3 Hz, 7.2 Hz, 2 H), 0.84 @,= 7.2 Hz, 3 H)}*C NMR (100 MHz, CDGJ)): § 219.9,
217.5, 195.3, 144.5, 140.3, 138.7, 133.94, 133182,3, 130.4, 116.9, 108.3, 105.2, 104.9, 104.8,85.4, 65.2,
43.0, 30.1, 10.5. HRMS (ESI) Calcd fog;8,:BMoNgO, ([M] ): 532.0928. Found: 532.0948.

TpMo(CO),
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(-)- and (@&)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,6S)-(#-2,3,4)-6-ethyl-5-0x0-6-vinyl-5,6-dihydro-
2H-pyran-2-ylJmolybdenum, (-)- and @&)-14. To a solution oZ-(+)-6 (16 mg, 0.031 mmol, 1.0 equiv) in GEl,
(2 mL) was added HCI (4.0 M in dioxane, 8.0 uL,3L.0nmol, 1.0 equiv) at 0 °C. The reaction mixtusstirred
at 0 °C for 5 minutes and then passed through @ phd of silica gel. The solvents were completelyoved on a
rotary evaporator, and the residue was furtheffipdrby flash chromatography over silica gel witxhnes-EtOAc
(5:1) to afford (£)14 (16 mg, 0.031 mmol, 100%) as an orange solid.

Similar treatment oZ-(-)-6 (23 mg, 0.040 mmol, 1.0 equiv, 97.1 %ee) in,CH (2.5 mL) with HCI (4.0
M in dioxane, 12 pL, 0.050 mmol, 1.1 equiv) affadde)-(2S, 69)-14 (23 mg, 0.045 mmol, 99 %, 97.1 %ee)}f*
-225 (¢ 1.8, CHCL)}.

(#)-14: TLC: R = 0.49 (hexanes-EtOAc = 3:1). IR (€n3146 (m), 3127 (m), 2980 (m), 2941 (m), 2880, (2486
(m), 1961 (s), 1872 (s), 1660 (s), 1505 (s), 14691305 (s), 1262 (s), 1220 (s), 1123 (s), 10501@315 (s).'H
NMR (400 MHz, CDC}): 8 8.54 (d,J= 1.6 Hz, 1 H), 7.94 (d] = 2.4 Hz, 1 H), 7.69 (d] = 2.0 Hz, 1 H), 7.58-7.61
(m, 3 H), 7.51 (dJ=1.6 Hz, 1 H), 6.30 (] = 2.4 Hz, 1 H), 6.25 () = 2.0 Hz, 1 H), 6.20 ()= 2.4 Hz, 1 H), 5.63
(dd,J =17.2 Hz, 10.8 Hz, 1 H), 5.37 (ddi= 17.2 Hz,J = 1.2 Hz, 1 H), 5.23 (ddl = 10.4 Hz,0.8 Hz, 1 H), 4.72
(dd,J=5.6 Hz, 2.0 Hz, 1 H), 4.11 (dd,= 5.6 Hz, 4.4 Hz, 1 H), 1.76 (doublets of AB quirfie= 14.3 Hz,J=7.3
Hz, 1 H), 1.55 (doublets of AB quartdts 14.3 Hz,J= 7.3 Hz, 1 H), 0.77 (t] = 7.6 Hz, 3 H)!*C NMR (100 MHz,
CDCly): 4 226.4, 224.0, 198.4, 147.7, 143.3, 141.6, 13638,5 134.8, 115.4, 109.0, 106.5, 106.1, 105.85,84.
70.1, 65.2, 64.7, 28.7, 7.2. HRMS (ESI) Calcd fggH3,BMoN¢O, ([M]™): 518.0771. Found: 518.0778. HPLC:
Daicel’ Chiralcel OJ-RH column, Isocratic solvent syst&®:% CHCN in H,0 (+ 0.1 % TFA), 1.0 mL/min). =
254 nm, (B, 69)-(-)-14: ty= 13.62 min; (B, 69)-(+)-14 t)= 17.32 min.
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(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,65)-(n-2,3,4)-6-ethyl-5-0x0-6-phenyl-5,6-dihydro-&-
pyran-2-yllmolybdenum, (£)-15. To a solution oZ-(+)-7 (18 mg, 0.032 mmol, 1.0 equiv) in G&l, (2 mL) was
added HCI (4.0 M in dioxane, 8.0 pL, 0.035 mmol, équiv) at 0 °C. The reaction mixture was stime0 °C for 5
minutes and then passed through a short pad ohgjel. The solvents were completely removed owotary
evaporator, and the residue was further purifiedldssh chromatography over silica gel with hexaB&83Ac (4:1)
to afford (£)45 (17.7 mg, 0.031 mmol, 98 %) as an orange solid.

TLC: R = 0.47 (hexanes-EtOAc = 3:1). IR (n 3146 (w), 3127 (w), 2980 (m), 2937 (w), 2490 (Y61 (s),
1876 (s), 1660 (m), 1505 (m), 1447 (m), 1409 (805L(s), 1258 (s), 1220 (s), 1123 (s), 1050 8)NMR (600
MHz, CDCk): 6 8.59 (d,J=1.9 Hz, 1 H), 7.92 (d]= 1.9 Hz, 1 H), 7.73 (d] = 1.9 Hz, 1 H), 7.69 (dd] = 4.4 Hz,

2.2 Hz,1H),7.61(d=2.3Hz, 1H),7.57 (d=2.2Hz, 1H), 752 (d=2.2Hz, 1H), 7.47-7.49 (m, 2 H), 7.36-
7.40 (m, 2 H), 7.27-7.32 (m, 1 H), 6.33Jt5 2.2 Hz, 1 H), 6.26 () = 2.2 Hz, 1 H), 6.18 () = 2.2 Hz, 1 H), 4.70
(dd,J=5.5Hz, 2.2 Hz, 1 H), 4.04 (dd= 5.7 Hz, 4.5 Hz, 1 H), 1.88 (doublet of AB quastdt= 14.3 Hz, 7.3 Hz, 2
H), 0.69 (t,J = 7.3 Hz, 3 H)."*C NMR (150 MHz, CDG)): 5 226.6, 223.9, 198.5, 147.7, 143.1, 141.7, 139.1,
136.54, 136.51, 134.8, 128.6 (2), 127.7, 125.5108.5, 106.5, 106.1, 105.8, 85.1, 65.8, 65.1,,3L.B. HRMS
(ESI) Calcd for GH,3BMoNgO, ([M]1): 568.0928. Found: 568.0949.
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(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,65)-(n-2,3,4)-6-ethyl-5-oxo-@ert-butyl-5,6-dihydro-2H-
pyran-2-yllmolybdenum, (+)-18. To a solution ofZ-(+)-10 (28 mg, 0.050 mmol, 1.0 equiv) in GEl, (3.1 mL)
was added a solution of HCI (4.0 M in dioxane, 14 @.060 mmol, 1.1 equiv). The reaction mixtureswafluxed
for 10 minutes and then cooled to room temperaturEhe crude reaction mixture was purified by flash
chromatography over silica gel with hexanes-EtO&d), affording (£)18 (27 mg, 0.049 mmol, 98%) as a yellow
solid.

TLC: R =0.40 (hexanes-EtOAc = 4:1). IR (&9 3120 (w), 2485 (w), 1954 (s), 1859 (s), 1656.(Hi) NMR (400
MHz, CDCk): 5 8.51 (d,J = 1.6 Hz, 1 H), 7.95 (d] = 1.6 Hz, 1 H), 7.70 (dl = 1.6 Hz, 1 H), 7.65 (dd} = 4.3 Hz,
2.6 Hz, 1 H), 7.61 (d) = 2.5 Hz, 1 H), 7.58 (d] = 2.4 Hz, 1 H), 7.50 (d] = 2.4 Hz, 1 H), 6.28 (appd,= 2.4 Hz, 1
H), 6.25 (app tJ = 2.0 Hz, 1 H), 6.20 (app d,= 2.4 Hz, 1 H), 4.69 (dd} = 6.2 Hz, 2.2 Hz, 1 H), 4.10 (dd,= 6.2
Hz, 4.6 Hz, 1 H), 1.79-1.61 (m, 2 H), 1.10 (s, 9 ®1B7 (t,J = 7.2 Hz, 3 H)*C NMR (100 MHz, CDCJ): 3 226.7,
224.4, 201.7, 147.6, 143.1, 141.5, 136.5, 136.8,8,3112.1, 106.5, 106.1, 105.8, 87.5, 65.8, 64020, 27.9 (3),
27.3, 9.3. HRMS (ESI) Calcd for,&,,BMoNgO, ([M]*): 548.1241. Found: 548.1236.

TpMo(CO),
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(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,65)-(n-2,3,4)-6-allyl-1-(benzyloxycarbonyl)-6-ethyl-5-oxo
5,6-dihydro-2H-pyridin-2-yllmolybdenum, (%)-19. To a solution oE-(+)-11 (0.566 g, 0.85 mmol, 1.0 equiv) in
CH,CI; (30 mL) was added HCI (4.0 M in dioxane, 235 pul940mmol, 1.1 equiv) at 0 °C. The reaction mixture
was stirred at room temperature for 1 hour and thessed through a short pad of silica gel. Theests were
completely removed on a rotary evaporator, andebliglue was further purified by flash chromatogsapber silica
gel with hexanes-EtOAc (4:1) to afford (28(0.543 g, 0.82 mmol, 96%) as an orange solid.
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TLC: R = 0.49 (hexanes-EtOAc = 2:1). IR (¢jn3127 (w), 2980 (w), 2954 (w), 2486 (m), 1965, (5384 (s),
1710 (s), 1664 (s), 1505 (w), 1459 (w), 1440 (vBQ1 (s), 1251 (m), 1220 (s), 1127 (m), 1054 (¢J.NMR (600
MHz, CDCL): 6 8.47 (br s, 1 H), 7.80 (br s, 1 H), 7.52-7.58 8t), 7.47 (br s, 3 H), 7.38 (br s, 3 H), 7.17 ¢bd
H), 6.27 (t,J=1.9 Hz, 1 H), 6.19 (br s, 1 H), 5.85 (br s, 1 5i3-5.25 (m, 2 H), 5.15-5.16 (m, 1 H), 5.02-5(40)

2 H), 4.67 (ddJ=5.7 Hz, 1.9 Hz, 1 H), 3.79 (br s, 1 H), 2.75%bf H), 2.55 (br s, 1 H), 2.29 (br s, 2 H), 0.BB{

3 H). *C NMR (150 MHz, CDGJ): 224.8, 223.9, 199.7, 153.5, 147.3, 143.2, 14136,6 (2), 135.8, 134.9, 133.6,
129.3, 128.9 (2), 128.7 (2), 118.5, 106.4, 10605%.8, 91.8, 69.6, 68.8, 62.5, 42.8, 27.2, 9.4. HRMSI) Calcd
for C,gH3BMOoN-Os ([M]): 665.1456. Found: 665.1481.

TpMo(CO),
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(-)- and (#)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,6S)-(7-2,3,4)-6-allyl-1-(benzyloxycarbonyl)-5-oxo-
6-pentyl-5,6-dihydro-2H-pyridin-2-yllmolybdenum, (-)-20 and (#)-20. CompoundsE-(+)-4b/unconjugated
alkene (approx. 83:17) (7.97 g, 12.0 mmol, 1.0 ¥quiere dissolved in THF (100 mL) and cooled to 278
Allylmagnesium chloride (2.0 M in THF, 12.0 mL, B4mmol, 2.0 equiv) was added dropwise. After 1butes,
and then again after 25 minutes, additional allgnesium chloride (2.4 mmol, 1.2 mL, 0.2 equiv) veakled,
consuming the remainder &-(+)-4b. After 10 minutes, aqueous saturated,8H(5 mL) was added, and the
solution warmed to room temperature and was pouredwater (100 mL). The layers were separated thed
aqueous layer was extracted with L (50 mL). The combined organic layers were driedraVigSQ, filtered
and concentrated under reduced pressure. The pradactE-12 was dissolved in C¥I, (100 mL) and HCI (4.0
M in dioxane, 3.3 mL, 13.2 mmol, 1.1 equiv) was edidiropwise at room temperature. After 55 minutes,
solution was poured into water (100 mL). The layetere separated and the aqueous layer was extradte
CH,CI, (50 mL). The combined organic layers were drigdraVigSQ, filtered and concentrated under reduced
pressure. The crude product was subjected to fthsbmatography over silica gel with hexanes-EtQAd),
affording ()20 (6.63g, 9.40 mmol, 78%) as an orange solid.

Similar treatment oE&-(-)-4b/unconjugated alkene (approx. 83:17) (6.46 g, 9.7dom 1.0 equiv, 97.8%
ee) in THF (100 mL) with allyimagnesium bromideQM in EtLO, 21.4 mL, 21.4 mmol, 2.2 equiv) and then HCI
(4.0 M in dioxane, 2.68 mL, 10.7 mmol, 1.1 equiv)dH,Cl, (100 mL) afforded (8, 69-(-)-20(5.31 g, 7.53 mmol,
77%, 97.7% ee) {f]p>° -437 € 0.15, CHC)}.

TLC: R = 0.52 (hexanes-EtOAc = 2:1). IR (&n2957 (m), 2486 (m), 1969 (s), 1884 (s), 1710 16p4 (s). 'H
NMR (400 MHz, CDC}): 6 8.47 (d,J= 2.0 Hz, 1 H), 7.80 (d] = 2.4 Hz, 1 H), 7.48-7.59 (m, 5 H), 7.38 (br s, B H
7.17 (brs, 1 H), 6.27 (1= 2.4 Hz, 1 H), 6.20 () = 2.4 Hz, 1 H), 5.85 (br s, 1 H), 5.14-5.25 (kiR 5.02-5.10
(m, 2 H), 4.66 (ddJ = 6.0 Hz, 2.0 Hz, 1 H), 3.79 (br s, 1 H), 2.77¢bf H), 2.56 (br s, 1 H), 2.26 (br s, 2 H), 1.18-
1.32 (m, 6 H), 0.88 (br s, 3 H*C NMR (100 MHz, CDGJ) & 224.8, 223.7, 199.8, (156.2), 153.3, 147.1, (143.5
143.0, 141.3, 136.5 (2), 135.7, 134.8, 133.5, 12828.8 (2), 128.6 (2), 118.4, 106.2, 105.9, 10%?2,5), 91.7,
69.0, 68.6, (63.2), 62.4 (2), (43.7), 42.7, (35.88.9, 32.1, 23.9, 22.5, 14.1. HRMS (ESI) Calcd fo
CsH3/BMON;Os ([M+H]™): 708.1998. Found: 708.1993. HPLC: Daﬁ@célhiralpak AS-RH column, Gradient
solvent system was used (% £HN in H,O with 0.1 % TFA) 0-20 mins (50% to 75%), 1.5 mUAyil = 254 nm,
(2S, 69)-(-)-20: ts= 14.26 min; (R, 5R)-(+)-20: tg= 14.91 min.
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4. Total Synthesis of (-)-Adaline
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(-)- and (@)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,69)-(n-2,3,4)-1-(benzyloxycarbonyl)-5-0x0-6-(2-
oxopropyl)-6-pentyl-5,6-dihydro-2H-pyridin-2-yllmolybdenum, (-)-21 and &)-21. Terminal alkene complex
(+)-20(1.00 g, 1.42 mmol, 1.0 equiv) was dissolved inlM0 mL) and water (2 mL), Pd{(0.101 g, 0.57 mmol,
0.4 equiv), and CuCl (0.070 mg, 0.71 mmol, 0.5 enguiere added sequentially. The reaction wasestiopen to
air for 38 hours and then poured into L} (100 mL). The layers were separated and the ardager was
washed with brine (3 x 100 mL), dried over MgS@ltered, and concentrated under reduced pressiihe crude

product was subjected to flash chromatography siiea gel with hexanes-EtOAc (2:1) to afford )-(0.710 g,
0.98 mmol, 69%) as an orange solBlome starting material (20 was recovered but not quantified.

Similar treatment of (-0 (1.50 g, 2.13 mmol, 1.0 equiv) with Pd@0.151 g, 0.85 mmol, 0.4 equiv) and
CuCl (0.106 g, 1.07 mmol, 0.5 equiv) in DMF (50 mixter (2.5 mL) was carried out in triplicate. éft74 hours,
the three reactions were combined and purifiedeasribed for the racemate above. Compoun@i(sas obtained
(4.30 g, 5.96 mmol, 93%) §]»>° -434 € 0.095, CHCI,)} along with recovered (-20 (98 mg, 0.14 mmol, 6 %).

TLC: R = 0.49 (hexanes-EtOAc = 2:1). IR (¢n2926 (s), 1965 (s), 1880 (s), 1710 (s), 1668 () NMR (600
MHz, CDCkL): 6 8.47 (br s, 0.9 H), 8.29 (br s, 0.1 H), 7.79J¢&; 1.8 Hz, 0.9 H), 7.77 (br s, 0.1 H), 7.57-7.64 (m,
1.2 H), 7.45-7.54 (m, 4.4 H), 7.35-7.42 (m, 3.4 HR1 (d,J= 5.4 Hz, 1 H), 6.27 () = 2.4 Hz, 1 H), 6.19 (brs, 1
H), 5.84 (br s, 1 H), 5.28-5.30 (m, 0.4 H), 5.18(4uartetJ = 11.4 Hz, 1.6 H), 4.63 (d,= 4.8 Hz, 1 H), 4.03-4.07
(brs, 0.2 H), 3.96 () = 6.0 Hz, 0.8 H), 3.65 (d} = 16.2 Hz, 1 H), 3.11 (d] = 16.2 Hz, 0.8 H), 2.92 (d,= 14.4
Hz, 0.2 H), 2.30 (dt) = 13.8 Hz, 4.2 Hz, 1 H), 2.13 (s, 2.4 H), 1.990($, H), 1.65 (dtJ = 12.6 Hz, 4.2 Hz, 1.2 H),
1.44-1.60 (m, 0.8 H), 1.16-1.36 (m, 4.6 H), 0.9661(br s, 0.4 H), 0.80-0.90 (t + brks= 7.2 Hz, 3 H).*C NMR
(150 MHz, CDC}): § 225.1, 224.1, 206.3, 201.4, 153.4, 146.9, 14244,2, 136.3, 136.2, 135.3, 134.5, 128.9,
128.6 (3), 128.4, 106.0, 105.6, 105.5, 90.5, 6851, 62.9, 62.0, 49.1, 35.8, 31.9, 31.0, 24.44,223.9. HRMS
(ESI) Calcd for: GHzBMoN;Og ((M+H]*): 724.1947. Found: 724.1939.

CbzN
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(-)- and ()-(1S,5R)-9-Benzyloxycarbonyl-7-oxo-1-pentyl-9-azabicyclo[3.1]non-3-en-2-one, (-)-23 and (+)-23.
Molybdenum complex (21 (0.350 g, 0.50 mmol, 1.0 equiv) was dissolved i,Cl, (10 mL) and KOSiMg
(0.191 g, 1.49 mmol, 3.0 equiv) was added in onéigna The reaction mixture was stirred for 35 otes, during
which time it turned from dull orange to bright redrhe mixture was passed through a pad of silielaagd
concentrated. The red residue was dissolved in IMEmML) and cooled to 8C before NOPE(91.1 mg, 0.50
mmol, 1.0 equiv) was added in one portion caudiegsblution to bubble and darken to black. Aftem#@nutes, the
crude reaction mixture was passed through a pailicd gel and concentrated. Flash chromatograpey silica
gel with hexanes-EtOAc (2:1) afforded (23-(0.142 g, 0.40 mmol, 80%, 97.7% ee) as a clegint {rellow oil.

Similar treatment of (-21 (4.14 g, 5.87 mmol, 1.0 equiv) with KOSiME.26 g, 17.6 mmol, 3.0 equiv) in
CH,CI;, (60 mL) and then NORH1.07 g, 5.87 mmol, 1.0 equiv) in DMF (60 mL) afled (-)23 (1.46 g, 4.12
mmol, 70%) {fa]p**> -110 € 0.67, CHC)}.

TLC: R = 0.30, (hexanes-EtOAc = 2:1). IR (n2957 (m), 1718 (s), 1687 (s), 1640 (mH NMR (400 MHz,
CDCly): § 7.34-7.38 (m, 5 H), 7.01 (dd,= 10.4 Hz, 6.0 Hz, 1 H), 6.12 (d= 10.0 Hz, 1 H), 5.44 (1= 6.0 Hz, 1
H), 5.19 (dd,J = 12.0 Hz, 9.2 Hz, 2 H), 2.68 (d= 15.6 Hz, 1 H), 2.62 (dd,= 15.2 Hz, 6.8 Hz, 1 H), 2.26-2.50 (m,
4 H), 1.26-1.38 (m, 1 H), 1.12-1.25 (m, 4 H), 1004 (m, 1 H), 0.83 (tJ = 6.8 Hz, 3 H).*C NMR (100 MHz,
CDCly): § 204.3, 195.7, 155.2, 148.3, 135.7, 128.9 (2), 82828.6 (2), 128.0, 70.9, 68.3, 51.9, 51.3, 43514,
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32.0, 24.1, 22.6, 14.1. HRMS (ESI) Calcd forHGeNO, ([M+H]"): 356.1856. Found: 356.1865. HPLC: Dafcel
Chiralcel OJ-RH column, Gradient solvent system usedd (% CHCN in H,O with 0.1% TFA) 0-20 mins (20% to
50%), 20-30 mins (50%-85%), 1.5 mL/min= 254 nm, (8,5R)-(-)-2: tussr= 23.50 min; (R59)-(+)-2: tarss)=
25.27 min.

(-)- and (#)-(1S,5R)-9-Benzyloxycarbonyl-7-(1,1-dioxacyclopentyl)-1-patyl-9-azabicyclo[3.3.1]Jnon-3-en-2-
one, (-)-24 and (£)-24.Ketone (+)23 (0.638 g, 1.80 mmol, 1.0 equiv, 97.7% ee) was diissbin CHCL (15 mL)
before 2-ethyl-2-methyl-1,3-dioxolane (1.35 mL, 8@nmol, 6.0 equiv), ethylene glycol (20 pL, 0.36 oinDd.2
equiv), and BE*OEt (0.25 mL, 1.98 mmol, 1.1 equiv) were added seqaiint The flask was sealed and the
reaction stirred overnight at room temperatureteAl2.5 hours, the solution was poured into arsepey funnel
containing water (15 mL), and the flask was ringgth CH,Cl, (10 mL). The layers were separated and the
aqueous layer was extracted with £ (2 x 15 mL). The combined organic layers wereedirover MgSQ,
filtered, and concentrated under reduced presshlesh chromatography over silica gel with hexalB&#3Ac (4:1)
afforded ()24 (0.601 g, 1.50 mmol, 84%) as a white solid (mp-108°C).

Similar treatment of (-23 (1.44 g, 4.07 mmol, 1.0 equiv) with 2-ethyl-2-mgtth,3-dioxolane (3.05 mL,
24.4 mmol, 6.0 equiv), ethylene glycol (46 pL, 0/8inol, 0.2 equiv), and BFOEY (0.57 mL, 4.48 mmol, 1.1
equiv) in CHC} (30 mL) afforded (-24 (1.38 g, 3.46 mmol, 85%) ¢]p>° -116 € 1.33, CHCI,)}.

TLC: Ry = 0.25, (hexanes-EtOAc = 2:1). IR (¢n2930 (m), 1718 (s), 1687 (s), 1455 (mH NMR (600 MHz,

CDCly): 8 7.26-7.39 (m, 5 H), 7.01 (dd,= 9.6 Hz, 6.6 Hz, 1 H), 6.18 (d,= 10.2 Hz, 1 H), 5.22 (1 = 6.6 Hz, 1
H), 5.13 (AB quart,) = 12.6 Hz, 2 H), 3.86-3.88 (m, 1 H), 3.76-3.83 @rHl), 2.43 (dtJ = 12.6 Hz, 3.6 Hz, 1 H),
2.19 (dt,J = 12.0 Hz, 4.2 Hz, 1 H), 2.03 (ddi= 14.4 Hz, 7.2 Hz, 1 H), 1.90-1.95 (m, 2 H), 1(@8J = 13.8 Hz, 1
H), 1.25-1.32 (m, 1 H), 1.08-1.23 (m, 4 H), 0.963(m, 1 H), 0.81 (tJ = 7.2 Hz, 3 H). *C NMR (100 MHz,

CDCly): & 198.4, 154.7, 147.8, 136.0, 129.4, 128.6 (2), 3%8), 106.3, 69.6, 67.6, 64.9, 63.3, 50.2, 45833
36.1, 32.0, 23.8, 22.5, 14.0. HRMS (ESI) CalcdGgrHs;NOs ([M+H]"): 400.2119. Found: 400.2116.

ChzN-_ H
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(-)- and (%)-(1S,2S,5R)-9-Benzyloxycarbonyl-7-(1,1-dioxacyclopentyl)-1-p&yl-9-azabicyclo[3.3.1]Jnon-3-en-2-
ol. Enone (+)24 (0.521 g, 1.30 mmol, 1.0 equiv) was dissolved HFT(10 mL) and MeOH (20 mL), and
CeCke7H,O (1.02 g, 2.74 mmol, 2.1 equiv) was added. THhatism was stirred at room temperature for 30
minutes before it was cooled t60 and NaBH (0.098 g, 2.60 mmol, 2.0 equiv) was added in aoéign. After 45
minutes at 0C, the solution was transferred to a separatorpdlinontaining water (20 mL) and GEl, (20 mL).
The layers were separated and the agueous layeexti@ted with ChCl, (3 x 20 mL). The combined organic
layers were dried over MgS{iltered, and concentrated under reduced presdtigsh chromatography over silica
gel with hexanes-EtOAc (2:1) afforded a single @isomer of the equatorial allylic alcohol (0.493Lg23 mmol,
94%) as a clear, colorless oil.

Similar treatment of (-4 (1.30 g, 3.26 mmol, 1.0 equiv) with Cg&lH,0 (2.55 g, 6.85 mmol, 2.1 equiv)
and NaBH (0.247 g, 6.52 mmol, 2.0 equiv) in THF (20 mL)/Md@0 mL) afforded the expected equatorial allylic
alcohol (1.28 g, 3.19 mmol, 98%)of[,> -8.8 € 1.05, CHCI)}.

TLC: R = 0.19, (hexanes-EtOAc = 2:1). IR (&n3489 (br), 2957 (m), 1710 (s), 1455 (M NMR (400 MHz,
CDCly): § 7.27-7.37 (m, 5 H), 5.87 (dd,= 9.6 Hz, 5.2 Hz, 1 H), 5.71 (dd= 9.6, 2.8 Hz, 1 H), 5.08 (s, 2 H), 4.88
(t,J=4.8 Hz, 1 H), 4.29 (d = 11.2, 1 H), 3.97-4.02 (m, 1 H), 3.85-3.93 (MH)3 2.63 (d,J = 11.2 Hz, 1 H), 2.20-
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2.27 (m, 1 H), 2.07 (dd] = 14.4 Hz, 2.4 Hz, 1 H), 1.91-2.00 (m, 3 H), 1(@8J = 14.0 Hz, 1 H), 1.28-1.37 (m, 2
H), 1.16-1.28 (m, 4 H), 0.84 (@,= 7.2 Hz, 3 H).’3C NMR (100 MHz, CDGJ): § 155.9, 136.6, 130.3, 129.9, 128.7
(2), 128.3 (3), 107.8, 72.4, 67.4, 65.1, 63.5, 6308, 40.8, 40.0, 38.3, 32.4, 23.9, 22.9, LHRMS (ESI) Calcd
for C,3H3NOs ([M+H]M): 402.2275. Found: 402.2272.

H
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(+)- and (¥)-(1S,2S,5R)-9-benzyloxycarbonyl-7-(1,1-dioxacyclopentyl)-2-mtaylthiocarbonothioyloxy-1-
pentyl-9-azabicyclo[3.3.1]non-3-ene.A solution of equatorial allylic alcohol (0.454 §,13 mmol, 1.0 equiv) in
THF (2 mL) was added dropwise to a suspension ¢f (& wt % dispersion in mineral oil, 0.453 g, 18nol,
10.0 equiv) in THF (15 mL) at —7&. The solution was warmed to°G over 30 minutes, G41.36 mL, 22.6
mmol, 20.0 equiv) and imidazole (0.038 g, 0.57 mrd equiv) were added, and the solution was wdrimeoom
temperature. After 15 minutes, the solution weastdw to reflux. After 45 minutes, Mel (1.41 mL.@2mol, 20.0
equiv) was added. The solution was refluxed foadditional 30 minutes, cooled to room temperatare] then
poured into a separatory funnel containing,CH (20 mL) and water (20 mL). The layers were sejpdrand the
aqueous layer was extracted with £} (2 x 20 mL). The organic layers were dried ovey3W, filtered, and
concentrated. Flash chromatography over silicangttl hexanes-EtOAc (4:1) afforded the correspogdianthate
(0.490 g, 0.99 mmol, 88%) as a clear, yellow oil.

Similar treatment of chiral, non-racemic equatoallylic alcohol (0.754 g, 1.88 mmol, 1.0 equiv)thv
NaH (0.752 g, 18.8 mmol, 10.0 equiv), 48.27 mL, 37.6 mmol, 20.0 equiv), imidazole (0.@4§40.94 mmol, 0.5
equiv), and Mel (2.34 mL, 37.6 mmol, 20.0 equivioeded the expected xanthate (0.835 g, 1.70 mniis)9
{[ a]p*®> +40.5 € 1.07, CHCI,)}.

TLC: R = 0.55, (hexanes-EtOAc = 2:1). IR (§n2957 (m), 1710 (s), 1455 (m), 1393 (SH NMR (400 MHz,
CDCly): § 7.29-7.39 (m, 5 H), 6.45 (d,= 1.2 Hz, 1 H), 5.91 (ddd, = 10.0 Hz, 4.8 Hz, 1.6 Hz, 1 H), 5.75 (dd=
10.0 Hz, 1.2 Hz, 1 H), 5.07-5.14 (m, 2 H), 4.97 <bd H), 3.95-4.04 (m, 2 H), 3.87-3.92 (m, 1 HR®B3.85 (m, 1
H), 2.57 (s, 3 H), 2.14-2.28 (m, 3 H), 1.95Jc; 16.0 Hz, 1 H), 1.86 (d,= 14.0 Hz, 1 H), 1.62-1.69 (m, 1 H), 1.29-
1.37 (m, 2 H), 1.19-1.25 (m, 2 H), 1.08-1.17 (mH)R 0.82 (t,J = 7.2 Hz, 3 H). **C NMR (100 MHz, CDGJ): &
215.4, 155.8, 136.4, 132.8, 128.7 (2), 128.3 (2%.3, 107.2, 81.8, 67.6, 64.6, 63.4, 59.9, 51.47,399.2, 38.4,
32.3, 235, 22.9, 19.2, 14.2. HRMS (ESI) Calcd@gHsNOSS, ((M+H]*): 492.1872. Found: 492.1867.

CbzN

_—

0
o’
25
(+)- and (3)-(1S,5R)-9-benzyloxycarbonyl-7-(1,1-dioxacyclopentyl)-1-pgtyl-9-azabicyclo[3.3.1]non-2-ene, (+)-
25 and (1)-25. Thexanthate (0.471 g, 0.96 mmol, 1.0 equiv) was digsbin benzene (10 mL). AIBN (0.016 g,
0.10 mmol, 0.1 equiv) and B&nH (760 uL, 2.88 mmol, 3.0 equiv) were added setipley and the solution was
refluxed for 6 hours. The solution was concenttadad subjected to flash chromatography over siielawith
hexanes-EtOAc (4:1). Product fractions were ctdlié@nd concentrated. The residue was passedgtheghort
pad of silica gel impregnated with 10 % of powdekdd using hexanes-EtOAc (4:1), affording @3-(0.309 g,
0.80 mmol, 83%) as a clear, colorless oil.

Similar treatment of chiral, non-racemic xanth@e835 g, 1.70 mmol, 1.0 equiv) with AIBN (0.028 g,
0.17 mmol, 0.10 mmol) and B&nH (1.35 mL, 5.10 mmol, 3.0 equiv) in benzenerl) afforded (+)25 (0.528 g,
1.37 mmol, 81%) {{i]p>° +17.8 € 0.98, CHCI,)}.

TLC: Ry = 0.52, (hexanes-EtOAc = 2:1). IR (&n2953 (m), 1710 (s), 1455 (m), 1397 (SH NMR (400 MHz,
CDCls): § 7.28-7.37 (m, 5 H), 5.75 (ddd= 10.0 Hz, 5.2 Hz, 1.6 Hz, 1 H), 5.32 (dt 10.0 Hz, 1.6 Hz, 1 H), 5.14
(d,J=12.4 Hz, 1 H), 5.07 (d| = 12.4 Hz, 1 H), 4.80-4.83 (m, 1 H), 3.86-3.95 @rH), 3.76-3.84 (m, 2 H), 2.51-
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2.67 (M, 2 H), 2.05 (d] = 13.6 Hz, 1 H), 1.91-1.99 (m, 2 H), 1.66-1.73 @), 1.12-1.33 (m, 7 H), 0.84 (= 7.2
Hz, 3 H). 3C NMR (100 MHz, CDGJ): § 155.7, 137.0, 134.8, 128.6 (2), 128.3 (2), 12824.1, 108.3, 67.1, 64.8,
63.3, 58.2, 48.1, 44.4, 41.2, 39.1, 32.3, 30.95232.8, 14.3. HRMS (ESI) Calcd for,@8:,NO, ([M+H]"):
386.2325. Found: 386.2321.

CbzN

0

(+)- and (1)-(1S,5R)-9-benzyloxycarbonyl-7-oxo-1-pentyl-9-azabicyclo[3.1]non-2-ene. Ketal (+)-25 (0.291 g,
0.75 mmol, 1.0 equiv) was dissolved in acetoner®Q and Pd(MeCNJCI, (0.016 g, 0.06 mmol, 8 mol %) was
added. The solution was stirred for 14 hours dah tconcentrated. Flash chromatography over sij@awith
hexanes-EtOAc afforded the expected ketone (0.2847¢ mmol, 95%) as a clear, colorless oil.

Similar treatment of (+25 (0.500 g, 1.30 mmol, 1.0 equiv) with Pd(MeG@l) (0.027 g, 0.10 mmol, 8
mol %) in acetone (30 mL) afforded the expectedket(0.394 g, 1.15 mmol, 89%, 97.6% eej]4f> +8.3 € 0.84,
CH,CI,)}.

TLC: R = 0.55, (hexanes-EtOAc = 2:1). IR (¢n2930 (m), 1710 (s), 1455 (w), 1390 (ntH NMR (400 MHz,
CDCly): 6 7.31-7.37 (m, 5 H), 5.76-5.80 (m, 1 H), 5.11-5(@6 3 H), 5.06 (tJ = 6.8 Hz, 1 H), 2.78-2.86 (m, 1 H),
2.70 (d,J=14.8 Hz, 1 H), 2.57-2.63 (m, 1 H), 2.47 (dd; 16.4 Hz, 8.4 Hz, 1 H), 2.14-2.24 (m, 2 H), 1(€d,J =
18.4 Hz, 6.0 Hz, 1 H), 1.13-1.32 (m, 7 H), 0.84)(t 6.4 Hz, 3 H)."*C NMR (100 MHz, CDGJ): § 208.0, 155.7,
136.4, 134.3, 128.8 (2), 128.5, 128.4 (2), 124106660.0, 50.5, 49.4, 46.4, 39.8, 32.1, 31.0, 2358, 14.2.
HRMS (ESI) Calcd for GHpgNO; ([M+H]Y): 342.2063. Found: 342.2063. HPLC: Dafc&hiralpak AS-RH
column, Gradient solvent system was used (Y%e@Hin H,O with 0.1 % TFA) 0-20 mins (20% to 50%), 20-30
mins (50%-85%), 1.5 mL/mirk, = 254 nm, (+)-(85R): tussr= 27.11 min; (-)-(R59): turss= 25.96 min.

HN

)

(-)- and (¥)-(1S,5R)-1-pentyl-9-azabicyclo[3.3.1]nonan-3-one, (-)-Adale and (x)-Adaline. The above
described ketone (0.025 g, 0.07 mmol, 1.0 equivg diasolved in MeOH (2 mL) and Pd(QH) (0.008 mg, 0.01
mmol, 0.15 equiv) was added. The mixture wasestiunder an atmosphere of hydrogen for 11 houadéfwas
filtered on cotton and concentrated. The residas #issolved in EO (10 mL) and washed successively with water
(2 x 10 mL), a 20 % aqueous solution of NaOH andebf2 x 5 mL). The solution was dried over MgS@tered
and concentrated to afford (+)-adaline (0.012 §6Gnmol, 77%) as a clear, colorless oil.

Similar treatment of chiral, non-racemic ketone882 g, 0.97 mmol, 1.0 equiv) with Pd(GH) (0.102 g,
0.15 mmol, 0.15 equiv) in MeOH (20 mL) was carriedt. In this case, the mixture was stirred under a
atmosphere of hydrogen for 13 hours before it vessed through a plug of Celite with,@t(30 mL). The solution
was washed successively with 20 % aqueous NaOHasatiuwith NaCl (2 x 50 mL) and,B (4 x 50 mL), dried
over MgSQ, filtered and concentrated to afford (-)-adali®e183 g, 0.87 mmol, 90%) ¢][»>> -13.0 € 0.73,
CHCIy)}, [Lit. 3 [o]p = -13 (CHCY)].

(#)-Adaline TLC: R; = 0.17, (CHC$-MeOH = 15:1). IR (cril): 3304 (br w), 2930 (s), 1706 (sfH NMR (400
MHz, CDCl): & 3.68-3.69 (m, 1 H), 2.53 (dd,= 16.8 Hz, 6.8 Hz, 1 H), 2.39 (d= 16.4 Hz, 2 H), 2.19 (d, = 16.8
Hz, 1 H), 1.25-1.75 (m, 15 H), 0.89 &= 7.2 Hz, 3 H).*C NMR (100 MHz, CDGJ): § 211.8, 54.7, 51.8, 49.8,
46.8, 44.9, 36.8, 32.5, 31.8, 22.7, 22.4, 18.02.1HRMS (ESI) Calcd for GH,,NO ([M+H]*): 210.1852. Found:
210.1850.

3 Tursch, B.; Braekman, J. C.; Daloze, D.; Hoot€le,Losman, D.; Karlsson, R.; Pasteels, J.Tdtrahedron Lett1973 3, 201-202. Neither
concentration nor temperature was provided fordpécal rotation value.
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e  Stereochemical outcome of the reduction (footnote 14)

CbzN-_H CbzN-_H
OH - OAC
0 0

o/ 0./
(1)-(1S,2S,5R)-2-Acetoxy-9-benzyloxycarbonyl-7-(1,1-dioxacyclopgyl)- 1-pentyl-9-azabicyclo[3.3.1]non-3-
ene. Under argon, allylic alcohol (0.034 g, 0.09 mmof) &quiv) was dissolved in GBI, (4 mL) and EN (24 uL,
0.17 mmol, 2.0 equiv), A© (16 uL, 0.17 mmol, 2.0 equiv), and a crystal MAP were added sequentially. After
12.5 hours at room temperature, the solution waseantrated and subjected to flash chromatographby silica gel
with hexanes-EtOAc (2:1) to afford the expectegliallacetate (0.028 g, 0.06 mmol, 74%) as a cleaorless oil.

TLC: R = 0.29, (hexanes-EtOAc = 2:1). IR (&n2930 (m), 1741 (s), 1710 (sfH NMR (400 MHz, CDC}): &
7.30-7.36 (m, 5 H), 5.82-5.87 (m, 1 H), 5.59-5.61, @ H), 5.09 (ddJ = 19.6 Hz, 12.0 Hz, 2 H), 4.93 (br s, 1 H),
3.96 (t,J = 6.4 Hz, 2 H), 3.79-3.91 (m, 2 H), 2.10-2.27 @), 2.08 (s, 3 H), 1.89 (d,= 14.8 Hz, 1 H), 1.84 (d8,
=14.0, 2.4 Hz, 1 H), 1.53-1.61 (m, 1 H), 1.25-1(88 2 H), 1.17-1.24 (m, 2 H), 1.12 (hels 7.6 Hz, 2 H), 0.83 (t,
J = 7.2 Hz, 3 H). **C NMR (100 MHz, CDGJ)): 6 170.6, 155.8, 136.4, 132.0, 128.7 (2), 128.3 125.8, 107.3,
73.3, 67.5, 64.5, 63.4, 59.5, 51.2, 39.1, 39.05,38.4, 23.4, 22.9, 21.4, 14.3. HRMS (ESI) CdtmdCysH3,NOg
(IM+H]"): 444.2381. Found: 444.2384.

H H
Csz\r \ Cszﬁ/ N

OH
o) OH

o\) o
(+)-(1S,2S,5R)-9-Benzyloxycarbonyl-7-oxo-1-pentyl-9-azabicyclo[3.1]non-3-en-2-o0l. Ketal (0.493 g, 1.23
mmol, 1.0 equiv) was dissolved in acetone (50 mig Bd(MeCN)Cl, (0.025 mg, 0.10 mmol, 8 mol %) was added.
The flask was sealed and the solution stirred atnréemperature. After 20.5 hours, the solution e@scentrated
and subjected to flash chromatography over silieavgth hexanes-EtOAc (2:1) to afford the expecketone
(0.422 g, 1.18 mmol, 96%) as a clear, colorless oil

TLC: R = 0.27, (hexanes-EtOAc = 2:1). IR (¢n3443 (br), 2930 (m), 1706 (s), 1455 (mMH NMR (600 MHz,
CDCly): & 7.34-7.38 (m, 5 H), 5.73 (ddd = 10.2 Hz, 4.2 Hz, 1.8 Hz, 1 H), 5.67 (dds 11.4 Hz, 1.2 Hz, 1 H), 5.17
(br's, 1 H), 5.14 (dd] = 18.6 Hz, 12.6 Hz, 2 H), 4.50 (@= 4.8 Hz, 1 H), 2.71-2.75 (m, 2 H), 2.33-2.41 @rH),
1.88 (d,J = 6.0 Hz, 1 H), 1.70-1.75 (m, 1 H), 1.18-1.41 @rH), 0.86 (tJ = 7.2 Hz, 3 H).**C NMR (100 MHz,
CDCly): & 208.5, 155.7, 136.2, 130.4, 129.7, 128.8 (2), 3,2828.3 (2), 70.8, 67.8, 63.1, 52.4, 44.8, 44243
32.2,23.4,22.8, 14.3. HRMS (ESI) Calcd foiHsNO, ((M+H]"): 358.2013. Found: 358.2015.

CbZNYH\ Csz\,H . Csz\/
- H
o) o)
OH

A, minor B, major
(+)-(1S,2S,5R)-9-Benzyloxycarbonyl-7-oxo-1-pentyl-9-azabicyclo[3.1]Jnonan-2-ol, (+)-A and (x)-B. Allylic
alcohol (0.097 g, 0.27 mmol, 1.0 equiv) was dissedlin MeOH (5 mL) and P#X0.006 g, 0.03 mmol, 10 mol %)
was added to the solution. The reaction mixturs stared for 9.5 hours under an atmosphere ofdgeir before it
was concentrated under reduced pressure. Flasmatwgraphy over silica gel with hexanes-EtOAc Y2fforded
(#)-A/(z)-B (0.085 g, 0.24 mmol, 88%), a 1.0:4.0-4.5 equilibrimixture of isomers at room temperature @Pin
CDCl;, as a clear, colorless oiA similar equilibrium involving intramolecular hekdtal formation from a bicyclic
keto-alcohol has been reported by Speckamp andockers”

4Bok, T. R.; Kruk, C.; Speckamp, W. Netrahedron Lett1978 7, 657-660.
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(£)-A/B: TLC: R = 0.20, (hexanes-EtOAc = 2:1). IR (&m3374 (br), 2934 (m), 1702 (sfH NMR (400 MHz,
CDCly): 8 7.27-7.37 (m, 5 H), 5.14 (d,= 12.0 Hz, 1 H), 5.05 (dl = 12.4 Hz, 1 H), 4.87 (br s, 0.2 H), 4.72J&
6.8 Hz, 0.8 H), 4.27 (br s, 0.8 H), 4.13 & 4.0 Hz, 0.8 H), 3.74 (br d,= 9.2 Hz, 0.2 H), 2.51-2.70 (m, 1.6 H),
2.27-2.38 (m, 0.6 H), 2.09-2.19 (m, 1 H), 1.81-2(60 4 H), 1.54-1.73 (m, 3 H), 1.04-1.44 (m, 6 BI)B1-0.86 (m,
3 H). Note: Carbon peaks from the minor compoundA#re shown in parenthesE€ NMR (100 MHz, CDG)):

8 210.6, 155.8, 136.6, (136.3), (128.7), 128.6 (328.4), (128.3), 128.2, 128.1, 104.5, 81.5, (71(8).6), 67.4,
67.2, (64.3), (51.3), 48.9, 47.7, (44.9), (44.7,34 (37.3), (36.0), 32.3, (32.2), (29.5), (27.24,8, 24.2, (23.5),
23.1, (22.9), 22.7, 14.2. HRMS (ESI) Calcd ferkNO, ((M+H]™): 360.2169. Found: 360.2166.

5. Characterization of the 1,5-“Michael-like” Intermatk (X = NCbz, R= Me)

e Model study
TpMo(CO),

PN
(I)bz:\fo

(z)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,65)-(7-2,3,4)-1-(benzyloxycarbonyl)-6-ethyl-5-oxo0-6-(2-
oxopropyl)-5,6-dihydro-2H-pyridin-2-yllmolybdenum. Terminal alkene ()9 (0.194 g, 0.29 mmol, 1.0 equiv)
was completely dissolved in DMF (5 mL), and to thidution was added Pd((0.021 g, 0.12 mmol, 0.4 equiv),
CuCl (0.014 g, 0.15 mmol, 0.5 equiv) and water (@l5. The mixture was stirred open to air for 2Lits and then
poured into a separatory funnel containing,CH (10 mL)and water (10 mL). The layers were separated laad t
aqueous layer was extracted with £} (2 x 5 mL). The combined organic layers were wdshih water (3 x 10
mL), dried over NgSQ,, filtered, and concentrated. The residue wasfipdrby flash chromatography over silica
gel with hexanes-EtOAc (2:1) to afford the expeateethyl ketone (0.168 g, 0.25 mmol, 85%) and tle®vered
starting material (£)t9 (0.015 g, 8%).

TLC: Ry = 0.49 (hexanes-EtOAc = 1:1). IR (&n3127 (w), 2968 (w), 2486 (m), 1961 (s), 1876 ()02 (s), 1664
(s), 1505 (m), 1409 (m), 1301 (s), 1254 (s), 12901127 (m), 1054 (s)*H NMR (400 MHz, CDC}): 5 8.47 (d,J
=1.9Hz,1H),781(d)=22Hz, 1H),759 (d]=1.9Hz, 1H), 753 (brs, 2H), 7.47-7.49 (m, 3 H39-7.41
(m, 3 H), 7.22-7.23 (m, 1 H), 6.29 = 2.2 Hz, 1 H), 6.21 (1= 1.9 Hz, 1 H), 5.87 (br s, 1 H), 5.18-5.19 (m, 2 H
4.65 (dJ=4.4 Hz, 1 H), 3.98 (d] = 4.0 Hz, 1 H), 3.61 (d] = 15.9 Hz, 1 H), 3.12 (d} = 16.2 Hz, 1 H), 2.41 (qd,
=14.0 Hz, 7.6 Hz, 1 H), 2.16 (s, 3 H), 1.79 (d¢;, 14.0 Hz, 7.3 Hz, 1 H), 1.26-1.31 (m, 2 H), 0.83J 7.0 Hz, 1
H). C NMR (150 MHz, CDGJ): § 225.2, 224.4, 206.6, 201.4, 153.8, 147.2, 14340.6, 136.6, 136.5, 135.6,
134.8, 129.2, 128.9 (3), 128.7, 106.3, 105.9, 10888, 68.8, 65.7, 63.2, 62.4, 49.2, 31.4, 29.2/9HRMS (ESI)
Calcd for GgH3:BMoN;Og ([M+H]"): 682.1499. Found: 682.1499.

TpMo(CO),

(x)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(1 S,28,5R)-(/73-2,3,4)-9-benzy|oxycarbonyl-l-ethyl-2-
methoxy-7-ox0-9-azabicyclo[3.3.1]non-3-en-2-yllmobdenum. To a solution of the methyl ketone (0.270 g, 0.40
mmol, 1.0 equiv) in CKCl, (20 mL) was added KOSiMg0.153 g, 1.19 mmol, 3.0 equiv). The reaction omet
was stirred at room temperature for 10 min and®B#, (0.158 g, 1.11 mmol, 2.8 equiv) was added. Thetiaa
mixture was stirred at room temperature overnigtit then passed through a short pad of silica det. Solvents
were completely removed on a rotary evaporator,thadesidue was further purified by flash chrorgeaphy over
silica gel with hexanes-EtOAc (4:1) to afford thepected compound (0.245 g, 0.35 mmol, 89%) as angar solid.

TLC: Ry = 0.45 (hexanes-EtOAc = 1:1). IR (&n3127 (w), 2926 (m), 2482 (w), 1930 (s), 1837 {$)10 (s), 1505
(m), 1409 (s), 1305 (s), 1220 (s), 1119 (s), 168531050 (s)."H NMR (600 MHz, CDC}): $8.35 (d,J= 1.9 Hz, 1
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H), 7.81 (dJ= 1.4 Hz, 1 H), 7.64 (d] = 2.4 Hz, 1 H), 7.60 (d] = 21.9 Hz, 1 H), 7.50 (d} = 2.4 Hz, 1 H), 7.46 (d,
J=1.4Hz,1H),7.43 (d]=7.6 Hz, 2 H), 7.38 () = 7.6 Hz, 2 H), 7.33 (| = 7.1 Hz, 1 H), 6.24 (1 = 1.9 Hz, 1
H), 6.21 (t,J= 1.9 Hz, 1 H), 6.20 () = 1.9 Hz, 1 H), 5.21 (AB quartel,= 12.4 Hz, 2 H), 5.02-5.04 (m, 1 H), 3.95
(dd,J=8.1 Hz, 2.8 Hz, 1 H), 3.55 (d,= 8.1 Hz, 1 H), 2.95 (qd] = 15.2 Hz, 7.6 Hz, 1 H), 2.89 (d= 14.8 Hz, 1
H), 2.82 (s, 3 H), 2.59-2.67 (m, 4 H), 1.11X& 7.1 Hz, 3 H).**C NMR (150 MHz, CDGJ): § 230.0, 227.9, 208.9,
154.7, 146.3, 145.1, 142.8, 139.5, 136.54, 1361%6.9, 134.8, 128.6 (2), 128.27 (2), 128.22, 10%05.78,
105.76, 67.7, 65.7, 57.8, 57.4, 55.5, 53.8, 50952,425.4, 11.5. HRMS (ESI) Calcd fogg83,BMoN;Og ([M]):
695.1561. Found: 695.1589.

e ®
Coz, TPMOCO2 ey, TpMo(CO), H
N
\I/\ of \I/\
o o)
- -

()-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(1 S,3S,5R)-(77%-3,4)-9-benzyloxycarbonyl-2,7-dioxo-1-ethyl-9-
azabicyclo[3.3.1]non-3-ene]Jmolybdenum.To a solution of the methoxy allyl molybdenum coexl(0.050 g,
0.074 mmol) in CHCI, (8 mL) was added KOSiMg0.028 g, 0.22 mmol, 3 equiv). The reaction migtwas
stirred at room temperature for 10 min and theedtly poured onto a short pad of silica gel andesluwith
hexanes-EtOAc (1:1) to afford compl2&.

The'H NMR showed broad undefined peaks and is not tegdrere. Recrystallization from benzene produced
single crystals suitable for X-ray diffraction agals. The molecular structure of compR&was confirmed by X-
ray diffraction analysis; details are provided omd®e SI-23. The isolation of compl2& strongly confirmed the
possible formation of intermediat22 via 1,5-“Michael-like” reaction. Insufficient eslence is available to
differentiate between is a 17-electron Mo radical an 18-electron Mo complex fd26 (the latter either a
molybdenum hydride complex or a molybdenum allgigex containing a hydroxyl group).

TLC: R = 0.42 (hexanes-EtOAc = 1:1). IR (&n3123 (w), 2964 (m), 2941 (m), 2490 (m), 1976 (K91 (s),
1714 (s), 1652 (s), 1505 (m), 1409 (s), 1305 @321(s), 1212 (s), 1119 (s), 1073 (s), 1054 (s).

=0

(2)-(1S,5R)-9-Benzyloxycarbonyl-1-ethyl-7-0x0-9-azabicyclo[3.1]non-3-en-2-one.To an orange solution of the
above described molybdenum complex (0.259 g, 0.8i0lml.0 equiv) and B (78.2uL, 0.56 mmol, 1.5 equiv) in
a 3:2 mixture of THF/water (25 mL) at @ open to air was added dropwise over 5 min, atisolof cerium
ammonium nitrate CAN (1.64 g, 2.99 mmol, 8.0 equivjvater (5 mL). After complete addition, the win had
faded to a light yellow color. The reaction mixwas warmed to room temperature and stirred fadalitional 10
min, before it was partitioned between £H (10 mL) and water (10 mL). The organic layer waasshed with
brine, dried over N&GO,, and concentrated. The crude product was purfieflash chromatography over silica gel
with hexanes-EtOAc (2:1) to afford the expectedket(0.079 g, 0.25 mmol, 68%3 a colorless oil.

TLC: R = 0.50 (hexanes-EtOAc = 1:1). IR (&n2968 (m), 2941 (m), 2482 (w), 1718 (s), 1687 (€65 (s), 1397
(s), 1297 (s), 1224 (s), 1123 (m), 1069 (s), 1088 tH NMR (600 MHz, CDCY)): & 7.37-7.47 (m, 5 H), 7.02 (dd,
=10.0 Hz, 6.2 Hz, 1 H), 6.15 (d~= 10.0 Hz, 1 H), 5.46 (df = 6.2 Hz, 0.9 Hz, 1 H), 5.22 (AB quartdtz 11.9 Hz,

2 H), 2.69 (the left side of AB quartet= 15.2 Hz, 1 H), 2.69 (doublets of the left sideAdf quartet,d = 14.8 Hz,
6.7 Hz, 1 H), 2.56 (qd] = 13.8 Hz, 7.1 Hz, 1 H), 2.40-2.44 (m, 2 H), 2.8dublets of the right side of AB quartet,
J=15.2 Hz, 1.9 Hz, 1 H), 0.87 @,= 7.1 Hz, 3 H). ®C NMR (150 MHz, CDGJ): & 204.3, 195.6, 155.1, 148.4,
135.8, 128.9 (2), 128.8, 128.6 (2), 128.1, 71.33681.6, 51.4, 43.1, 28.4, 8.9. HRMS (ESI) CdtmdC,gH;NO,
(IM]"): 313.1314. Found: 313.1316.
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*  X-Ray diffraction study of compound 26 (a direct evidence to intermediate 22)

A suitable crystal o6 was obtained by diffusion recrystallization fromnzene. The crystal was coated with
Paratone N oil, suspended in a small fiber loop@laded in a cooled nitrogen gas stream at 173 & Bruker D8
SMART APEX CCD sealed tube diffractometer with dr@ monochromated MaK(0.71073A) radiation. Data
were measured using a series of combinations ohptliomega scans with 10 s frame exposures afdrén3e
widths. Data collection, indexing and initial cefffinements were all carried out using SMARSbftware. Frame
integration and final cell refinements were donmgiSAINT® software. The final cell parameters were deteeghin
from least-squares refinement on 5664 reflectiofhe SADABS program was used to carry out absorption
corrections.

The structure was solved using Direct methods aifférence Fourier techniques (SHELXTL, V6.12).
Hydrogen atoms were placed their expected cherpmsitions using the HFIX commaadd were included in the
final cycles of least squares with isotropig ‘8 related to the atom’s ridden upon. The C-Hatises were fixed at
0.93 A(aromatic and amide), 0.98 A (methine), 0dtmethylene), or 0.96 A (methyl). All non-hydrogatoms
were refined anisotropically. Scattering factorsd aanomalous dispersion corrections are taken froe t
International Tables for X-ray Crystallography Structure solution, refinement, graphics and geiteraof
publication materials were performed by using SHELXV6.12 software.

Figure 1. ORTEP View of Compound 26

Table 1. Crystal data and structure refinement2ér

Identification code 26

Empirical formula Gy Hyg B Mo N; Og
Formula weight 678.34
Temperature 173(2) K
Wavelength 0.71073 A
Crystal system Tetragonal

® SMART Version 5.6282003 Bruker AXS, Inc., Analytical X-ray Systems, 54B8st Cheryl Parkway, Madison W| 53711-5373.

® SAINT Version 6.36A2002 Bruker AXS, Inc., Analytical X-ray Systems, 54B&st Cheryl Parkway, Madison WI 53711-5373.

" SADABS Version 2.102003 George Sheldrick, University of Géttingen.

8 SHELXTL V6.12,2002 Bruker AXS, Inc., Analytical X-ray Systems, 54B8st Cheryl Parkway, Madison WI 53711-5373.

® A. J. C. Wilson (ed)International Tables for X-ray Crystallography, Maie C. Kynoch, Academic Publishers, Dordrech§92 Tables
6.1.1.4 (pp. 500-502) and 4.2.6.8 (pp. 219-222).
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Space group -4

Unit cell dimensions a=21.1763(14) A a= 90°.
b =21.1763(14) A B=90°.
¢ =12.8350(10) A y =90°.

Volume 5755.7(7) R

z 8

Density (calculated) 1.566 MgAn

Absorption coefficient 0.513 mn

F(000) 2776

Crystal size 0.26 x 0.17 x 0.14 mfn

Theta range for data collection 1.86 to 28.36°.

Index ranges -28<=h<=28, -28<=k<=28, -17<=I<=17

Reflections collected 29240

Independent reflections 6173 [R(int) = 0.0590]

Completeness to theta = 28.36° 86.3 %

Absorption correction Semi-empirical from equivaken

Max. and min. transmission 1.00 and 0.828000

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 6173/0/ 398

Goodness-of-fit on 1.008

Final R indices [I>2sigma(l)] R1 =0.0413, wR2 9801

R indices (all data) R1 =0.0492, wR2 = 0.0814

Absolute structure parameter -0.01(3)

Largest diff. peak and hole 0.555 and -0.542%.A

Table 2. Atomic coordinates ( x Hpand equivalent isotropic displacement paramé#ts 10°) for 26. U(eq) is
defined as one third of the trace of the orthotiped Ui tensor.

X y z U(eq)
Mo(1) 8744(1) 7133(1) 9046(1) 25(1)
B(1) 9394(2) 5901(2) 10239(4) 36(1)
c@) 7784(2) 5924(2) 9324(4) 37(1)
c@) 7791(2) 5318(2) 9719(4) 46(1)
c@3) 8376(2) 5227(2) 10085(4) 40(1)
C(4) 9329(2) 7448(2) 11393(3) 35(1)
C(5) 9644(2) 7147(2) 12201(4) 40(1)
c(6) 9699(2) 6538(2) 11910(4) 39(1)
c(7) 9981(2) 6625(2) 7852(4) 34(1)
C(8) 10413(2) 6148(2) 7905(4) 42(1)
c(9) 10275(2) 5820(2) 8785(4) 37(1)
C(10) 7715(2) 8176(2) 8174(3) 26(1)
c(1) 7762(2) 7553(2) 8739(3) 27(1)
c(12) 7885(2) 7553(2) 9830(3) 29(1)
c(13) 7949(2) 8141(2) 10405(3) 28(1)
c(14) 7909(2) 8777(2) 9793(3) 27(1)
C(16) 8338(2) 9137(2) 8103(3) 29(1)
c@17) 8735(2) 9374(2) 6418(4) 40(1)
c(18) 8772(2) 9092(2) 5365(4) 32(1)
C(19) 8763(2) 8453(2) 5199(4) 35(1)
C(20) 8807(2) 8216(2) 4203(4) 45(1)
c(21) 8870(2) 8607(3) 3392(4) 53(2)
c(22) 8886(3) 9244(3) 3533(4) 54(2)
C(23) 8851(2) 9491(2) 4511(4) 41(1)
C(24) 7016(2) 8401(2) 8103(3) 33(1)
[ s24a )




Coombset al.

C(25) 6761(2) 8621(2) 9151(4) 37(2)

C(26) 7211(2) 8989(2) 9816(3) 33(1)

C(27) 8300(2) 9269(2) 10381(3) 36(1)

C(28) 9010(2) 9173(2) 10403(4) 43(1)

C(29) 8534(2) 7089(2) 7565(3) 30(1)

C(30) 9207(2) 7904(2) 8574(3) 27(1)

N(1) 8343(2) 6194(2) 9464(3) 34(2)

N(2) 8713(2) 5753(2) 9955(3) 34(1)

N(3) 9184(2) 7036(2) 10646(3) 31(1)

N(4) 9415(2) 6467(2) 10965(3) 34(1)

N(5) 9582(2) 6584(2) 8658(3) 30(1)

N(6) 9763(2) 6072(2) 9245(3) 32(2)

N(7) 8089(2) 8667(2) 8688(3) 25(1)

0(2) 7979(2) 8150(2) 11347(2) 36(1)

0(2) 6221(2) 8531(2) 9395(3) 60(1)

0(@3) 8531(2) 9646(1) 8377(3) 44(1)

0(4) 8384(1) 8952(1) 7080(2) 33(1)

0(5) 8438(2) 7074(2) 6681(3) 46(1)

0(6) 9502(1) 8296(2) 8182(3) 40(1)

Table 3. Bond lengths [A] and angles [°] f@6

Mo(1)-C(29) 1.955(4) C(16)-0(3) 1.206(5)
Mo(1)-C(30) 1.998(4) C(16)-N(7) 1.353(5)
Mo(1)-N(5) 2.178(4) C(16)-0(4) 1.375(5)
Mo(1)-N(1) 2.229(4) C(17)-0(4) 1.441(5)
Mo(1)-C(12) 2.261(4) C(17)-C(18) 1.480(6)
Mo(1)-N(3) 2.264(4) C(18)-C(19) 1.369(6)
Mo(1)-C(11) 2.296(4) C(18)-C(23) 1.394(7)
B(1)-N(4) 1.519(6) C(19)-C(20) 1.377(7)
B(1)-N(2) 1.521(7) C(20)-C(21) 1.336(7)
B(1)-N(6) 1.540(6) C(21)-C(22) 1.362(8)
C(1)-N(2) 1.327(5) C(22)-C(23) 1.361(7)
C(1)-C(2) 1.379(6) C(24)-C(25) 1.523(6)
C(2)-C(3) 1.339(7) C(25)-0(2) 1.200(5)
C(3)-N(2) 1.332(6) C(25)-C(26) 1.498(6)
C(4)-N(3) 1.331(5) C(27)-C(28) 1.516(7)
C(4)-C(5) 1.389(6) C(29)-0(5) 1.153(5)
C(5)-C(6) 1.349(7) C(30)-0(6) 1.154(5)
C(6)-N(4) 1.361(6) N(1)-N(2) 1.372(5)
C(7)-N(5) 1.339(5) N(3)-N(4) 1.364(4)
C(7)-C(8) 1.364(7) N(5)-N(6) 1.374(5)
C(8)-C(9) 1.359(6) C(29)-Mo(1)-C(30) 81.72(17)
C(9)-N(6) 1.345(5) C(29)-Mo(1)-N(5) 86.40(16)
C(10)-N(7) 1.463(5) C(30)-Mo(1)-N(5) 88.18(16)
C(10)-C(11) 1.508(6) C(29)-Mo(1)-N(1) 95.96(16)
C(10)-C(24) 1.558(5) C(30)-Mo(1)-N(1) 171.63(16)
C(11)-C(12) 1.425(6) N(5)-Mo(1)-N(1) 83.63(13)
C(12)-C(13) 1.454(6) C(29)-Mo(1)-C(12) 105.59(16)
C(13)-0(1) 1.211(5) C(30)-Mo(1)-C(12) 102.01(16)
C(13)-C(14) 1.563(6) N(5)-Mo(1)-C(12) 165.14(14)
C(14)-N(7) 1.486(5) N(1)-Mo(1)-C(12) 86.36(15)
C(14)-C(27) 1.529(6) C(29)-Mo(1)-N(3) 166.26(15)
C(14)-C(26) 1.545(6) C(30)-Mo(1)-N(3) 98.51(15)

[ - ]
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N(5)-Mo(1)-N(3) 79.88(13) N(7)-C(16)-O(4) 110.4(4)
N(1)-Mo(1)-N(3) 81.81(14) O(4)-C(17)-C(18) 108.4(4)
C(12)-Mo(1)-N(3) 87.86(14) C(19)-C(18)-C(23) 118.6(4)
C(29)-Mo(1)-C(11) 69.24(16) C(19)-C(18)-C(17) 122.7(4)
C(30)-Mo(1)-C(11) 94.30(16) C(23)-C(18)-C(17) 118.6(4)
N(5)-Mo(1)-C(11) 154.82(14) C(18)-C(19)-C(20) 120.2(5)
N(1)-Mo(1)-C(11) 92.38(14) C(21)-C(20)-C(19) 120.3(5)
C(12)-Mo(1)-C(11) 36.42(15) C(20)-C(21)-C(22) 120.9(5)
N(3)-Mo(1)-C(11) 124.27(13) C(23)-C(22)-C(21) 120.0(5)
N(4)-B(1)-N(2) 109.7(4) C(22)-C(23)-C(18) 120.0(5)
N(4)-B(1)-N(6) 107.9(4) C(25)-C(24)-C(10) 112.3(3)
N(2)-B(1)-N(6) 109.4(4) 0(2)-C(25)-C(26) 122.7(5)
N(1)-C(1)-C(2) 109.9(4) 0(2)-C(25)-C(24) 121.3(4)
C(3)-C(2)-C(1) 105.9(4) C(26)-C(25)-C(24) 115.9(4)
N(2)-C(3)-C(2) 109.2(4) C(25)-C(26)-C(14) 116.5(3)
N(3)-C(4)-C(5) 110.4(4) C(28)-C(27)-C(14) 117.0(4)
C(6)-C(5)-C(4) 105.8(4) 0(5)-C(29)-Mo(1) 176.7(4)
C(5)-C(6)-N(4) 108.3(4) 0(6)-C(30)-Mo(1) 170.1(4)
N(5)-C(7)-C(8) 109.7(4) C(1)-N(1)-N(2) 106.1(4)
C(9)-C(8)-C(7) 106.0(4) C(1)-N(1)-Mo(1) 133.8(3)
N(6)-C(9)-C(8) 109.5(4) N(2)-N(1)-Mo(1) 120.1(3)
N(7)-C(10)-C(11) 111.7(3) C(3)-N(2)-N(1) 108.8(4)
N(7)-C(10)-C(24) 108.8(3) C(3)-N(2)-B(1) 130.5(4)
C(11)-C(10)-C(24) 111.0(3) N(1)-N(2)-B(1) 120.7(4)
C(12)-C(11)-C(10) 119.0(4) C(4)-N(3)-N(4) 106.3(4)
C(12)-C(11)-Mo(1) 70.4(2) C(4)-N(3)-Mo(1) 133.5(3)
C(10)-C(11)-Mo(1) 118.7(3) N(4)-N(3)-Mo(1) 120.0(3)
C(11)-C(12)-C(13) 121.0(4) C(6)-N(4)-N(3) 109.2(4)
C(11)-C(12)-Mo(1) 73.1(2) C(6)-N(4)-B(1) 130.3(4)
C(13)-C(12)-Mo(1) 119.2(3) N(3)-N(4)-B(1) 120.2(4)
0(1)-C(13)-C(12) 121.8(4) C(7)-N(5)-N(6) 107.3(3)
O(1)-C(13)-C(14) 119.4(4) C(7)-N(5)-Mo(1) 131.0(3)
C(12)-C(13)-C(14) 118.6(3) N(6)-N(5)-Mo(1) 121.5(3)
N(7)-C(14)-C(27) 116.1(4) C(9)-N(6)-N(5) 107.4(4)
N(7)-C(14)-C(26) 108.0(3) C(9)-N(6)-B(1) 132.7(4)
C(27)-C(14)-C(26) 108.1(3) N(5)-N(6)-B(1) 119.9(3)
N(7)-C(14)-C(13) 109.3(3) C(16)-N(7)-C(10) 118.9(3)
C(27)-C(14)-C(13) 108.0(3) C(16)-N(7)-C(14) 120.9(3)
C(26)-C(14)-C(13) 107.0(3) C(10)-N(7)-C(14) 113.8(3)
0(3)-C(16)-N(7) 128.9(4) C(16)-0(4)-C(17) 115.0(3)
0(3)-C(16)-0(4) 120.6(4)

Symmetry transformations used to generate equivatems:

Table 4. Anisotropic displacement parameters 2(A0%) for 26. The anisotropic displacement factor exponent
takes the form: 4#[ hZ2a*2Ull+ ... + 2 h k a* b* U2]

Ull U22 U33 U23 Ul3 UlZ
Mo(l)  23(1) 23(1) 29(1) 10 10 10
B(1) 39(3) 25(3) 45(3) 8(2) 1(2) 6(2)
c@) 26(2) 28(2) 57(3) 302) 8(2) 202)
c(2) 37(3) 36(3) 63(3) 1(2) 12(2) -10(2)
c@3) 48(3) 27(2) 45(3) 4(2) 13(2) 2(2)
C(4) 37(3) 37(2) 31(2) 20) 22) 3(2)
[ s26 |
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C(5) 40(3) 52(3) 29(2) -5(2) 0(2) 7(2)
C(6) 44(3) 39(3) 34(3) 8(2) 0(2) -2(2)
c(7) 29(2) 39(3) 35(2) -6(2) 7(2) -4(2)
C(8) 28(2) 48(3) 50(3) -17(2) 11(2) -1(2)
C(9) 29(2) 33(2) 51(3) -9(2) 1(2) 4(2)
C(10) 21(2) 28(2) 28(2) 1(2) -2(2) 2(2)
C(11) 21(2) 22(2) 37(3) -3(2) 5(2) 2(2)
C(12) 22(2) 27(2) 38(3) 9(2) 6(2) 0(2)
C(13) 20(2) 32(2) 31(2) 0(2) 5(2) 5(2)
C(14) 23(2) 23(2) 33(2) -4(2) 3(2) 5(2)
C(16) 28(2) 31(2) 28(2) 1(2) 2(2) 3(2)
C(17) 48(3) 32(3) 40(3) 7(2) 10(2) -10(2)
C(18) 24(2) 36(3) 36(2) -5(2) 3(2) -1(2)
C(19) 32(2) 36(3) 36(3) 7(2) 0(2) -1(2)
C(20) 30(2) 45(3) 61(4) -15(3) 4(2) -2(2)
C(21) 40(3) 83(5) 35(3) -16(3) -2(2) 12(3)
C(22) 51(3) 75(4) 37(3) 13(3) 6(2) 9(3)
C(23) 42(3) 31(2) 50(3) 8(2) 6(2) 1(2)
C(24) 25(2) 30(2) 44(3) 3(2) -4(2) 3(2)
C(25) 28(2) 37(2) 44(3) 8(2) -2(2) 8(2)
C(26) 37(3) 28(2) 34(2) 1(2) 10(2) 12(2)
c(27) 43(3) 39(3) 25(2) 7(2) 2(2) -1(2)
C(28) 47(3) 39(3) 42(3) -1(2) -5(2) -6(2)
C(29) 27(2) 25(2) 36(2) -4(2) -1(2) 2(2)
C(30) 26(2) 26(2) 29(2) 2(2) 0(2) 2(2)
N(1) 30(2) 25(2) 48(2) -2(2) 4(2) 4(2)
N(2) 38(2) 24(2) 40(2) 2(2) 5(2) 5(2)
N(3) 29(2) 30(2) 36(2) 1(2) 4(2) 4(2)
N(4) 39(2) 30(2) 34(2) 3(2) 3(2) 7(1)
N(5) 28(2) 28(2) 34(2) -3(2) -1(2) 0(2)
N(6) 30(2) 29(2) 36(2) -6(2) -3(2) 4(1)
N(7) 21(2) 23(2) 30(2) -1(1) 0(1) 0(1)
o(1) 39(2) 35(2) 35(2) 2(1) 4(1) 2(1)
0(2) 26(2) 90(3) 63(3) -12(2) 7(2) 0(2)
0(3) 69(2) 30(2) 32(2) -5(1) 6(2) -12(2)
o(4) 42(2) 30(2) 29(2) 0(1) 0(1) -7(1)
o(5) 57(2) 47(2) 35(2) -5(2) 7(2) 3(2)
0(6) 32(2) 39(2) 50(2) 7(2) 4(2) -3(2)

Table 5. Hydrogen coordinates ( x 40and isotropic displacement parametera(£03) for 26

X y z U(eq)
H(1) 9592 5527 10584 43
H(LA) 7431 6119 9001 44
H(2) 7451 5026 9728 55
H(3) 8528 4847 10390 48
H(4) 9230 7885 11375 42
H(5) 9791 7333 12830 48
H(6) 9901 6213 12297 47
H(7) 0966 6938 7323 41
H(8) 10743 6063 7425 51
H(9) 10504 5466 2038 45
H(10) 7881 8118 7451 31
[ si27 )
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H(11) 7440 7235 8515 32
H(12) 7630 7230 10213 35
H(17A) 9165 9438 6701 48
H(17B) 8521 9790 6383 48
H(19) 8725 8172 5773 42
H(20) 8793 7773 4091 54
H(21) 8903 8438 2709 63
H(22) 8923 9517 2948 65
H(23) 8880 9934 4611 49
H(24A) 6987 8752 7596 39
H(24B) 6752 8050 7841 39
H(26A) 7061 8968 10546 40
H(26B) 7192 9437 9599 40
H(27A) 8214 9687 10068 43
H(27B) 8147 9282 11110 43
H(28A) 9182 9240 9703 64
H(28B) 9104 8742 10633 64
H(28C) 9201 9475 10888 64
Table 6. Torsion angles [°] foR6
N(1)-C(1)-C(2)-C(3) -1.0(6)
C(1)-C(2)-C(3)-N(2) 1.6(6)
N(3)-C(4)-C(5)-C(6) 1.3(5)
C(4)-C(5)-C(6)-N(4) -1.2(5)
N(5)-C(7)-C(8)-C(9) -1.3(5)
C(7)-C(8)-C(9)-N(6) 1.8(5)
N(7)-C(10)-C(11)-C(12) 27.5(5)
C(24)-C(10)-C(11)-C(12) -94.1(5)
N(7)-C(10)-C(11)-Mo(1) -54.8(4)
C(24)-C(10)-C(11)-Mo(1) -176.5(3)
C(29)-Mo(1)-C(11)-C(12) 176.1(3)
C(30)-Mo(1)-C(11)-C(12) -104.4(3)
N(5)-Mo(1)-C(11)-C(12) 160.7(3)
N(1)-Mo(1)-C(11)-C(12) 80.6(3)
N(3)-Mo(1)-C(11)-C(12) -1.1(3)
C(29)-Mo(1)-C(11)-C(10) -70.8(3)
C(30)-Mo(1)-C(11)-C(10) 8.7(3)
N(5)-Mo(1)-C(11)-C(10) -86.2(4)
N(1)-Mo(1)-C(11)-C(10) -166.3(3)
C(12)-Mo(1)-C(11)-C(10) 113.1(4)
N(3)-Mo(1)-C(11)-C(10) 112.0(3)
C(10)-C(11)-C(12)-C(13) 1.6(6)
Mo(1)-C(11)-C(12)-C(13) 114.3(4)
C(10)-C(11)-C(12)-Mo(1) -112.7(3)
C(29)-Mo(1)-C(12)-C(11) -3.8(3)
C(30)-Mo(1)-C(12)-C(11) 80.8(3)
N(5)-Mo(1)-C(12)-C(11) -146.7(5)
N(1)-Mo(1)-C(12)-C(11) -99.0(3)
N(3)-Mo(1)-C(12)-C(11) 179.1(3)
C(29)-Mo(1)-C(12)-C(13) -120.4(3)
C(30)-Mo(1)-C(12)-C(13) -35.8(3)
N(5)-Mo(1)-C(12)-C(13) 96.7(6)
N(1)-Mo(1)-C(12)-C(13) 144.4(3)

[ si28




Coombset al.

N(3)-Mo(1)-C(12)-C(13)
C(11)-Mo(1)-C(12)-C(13)
C(11)-C(12)-C(13)-O(1)
Mo(1)-C(12)-C(13)-O(1)
C(11)-C(12)-C(13)-C(14)
Mo(1)-C(12)-C(13)-C(14)
O(1)-C(13)-C(14)-N(7)
C(12)-C(13)-C(14)-N(7)
0(1)-C(13)-C(14)-C(27)
C(12)-C(13)-C(14)-C(27)
0(1)-C(13)-C(14)-C(26)
C(12)-C(13)-C(14)-C(26)
0(4)-C(17)-C(18)-C(19)
0(4)-C(17)-C(18)-C(23)
C(23)-C(18)-C(19)-C(20)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(18)
C(19)-C(18)-C(23)-C(22)
C(17)-C(18)-C(23)-C(22)
N(7)-C(10)-C(24)-C(25)
C(11)-C(10)-C(24)-C(25)
C(10)-C(24)-C(25)-0(2)
C(10)-C(24)-C(25)-C(26)
0(2)-C(25)-C(26)-C(14)
C(24)-C(25)-C(26)-C(14)
N(7)-C(14)-C(26)-C(25)
C(27)-C(14)-C(26)-C(25)
C(13)-C(14)-C(26)-C(25)
N(7)-C(14)-C(27)-C(28)
C(26)-C(14)-C(27)-C(28)
C(13)-C(14)-C(27)-C(28)
C(30)-Mo(1)-C(29)-O(5)
N(5)-Mo(1)-C(29)-O(5)
N(1)-Mo(1)-C(29)-0(5)
C(12)-Mo(1)-C(29)-O(5)
N(3)-Mo(1)-C(29)-O(5)
C(11)-Mo(1)-C(29)-O(5)
C(29)-Mo(1)-C(30)-0(6)
N(5)-Mo(1)-C(30)-O(6)
N(1)-Mo(1)-C(30)-O(6)
C(12)-Mo(1)-C(30)-0(6)
N(3)-Mo(1)-C(30)-O(6)
C(11)-Mo(1)-C(30)-O(6)
C(2)-C(1)-N(1)-N(2)
C(2)-C(1)-N(1)-Mo(1)
C(29)-Mo(1)-N(1)-C(1)
C(30)-Mo(1)-N(1)-C(1)
N(5)-Mo(1)-N(1)-C(1)
C(12)-Mo(1)-N(1)-C(1)
N(3)-Mo(1)-N(1)-C(1)
C(11)-Mo(1)-N(1)-C(1)
C(29)-Mo(1)-N(1)-N(2)
C(30)-Mo(1)-N(1)-N(2)

62.5(3)
-116.6(4)
171.1(4)
-101.8(5)
-2.6(6)
84.5(4)
161.4(4)
-24.7(5)
34.3(5)
-151.8(4)
-81.9(5)
92.0(4)
-28.8(7)
154.4(4)
-2.4(7)
-179.2(4)
1.1(7)
-0.5(8)
1.2(9)
-2.6(8)
3.1(7)
-180.0(5)
-51.5(4)
71.8(4)
-144.5(4)
39.3(5)
146.6(4)
-37.2(5)
45.1(5)
171.4(4)
-72.4(4)
-55.2(5)
-176.7(4)
67.8(5)
34(7)
-55(7)
-138(7)
134(7)
-58(8)
132(7)
-44(2)
43(2)
31(3)
-148(2)
123(2)
-112(2)
0.0(5)
178.5(3)
-53.5(4)
-127.0(11)

-139.1(4)

51.8(4)
140.2(4)
15.9(4)
124.8(3)
51.3(13)
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N(5)-Mo(1)-N(1)-N(2)
C(12)-Mo(1)-N(1)-N(2)
N(3)-Mo(1)-N(1)-N(2)
C(11)-Mo(1)-N(1)-N(2)
C(2)-C(3)-N(2)-N(1)
C(2)-C(3)-N(2)-B(1)
C(1)-N(1)-N(2)-C(3)
Mo(1)-N(1)-N(2)-C(3)
C(1)-N(1)-N(2)-B(1)
Mo(1)-N(1)-N(2)-B(1)
N(4)-B(1)-N(2)-C(3)
N(6)-B(1)-N(2)-C(3)
N(4)-B(1)-N(2)-N(1)
N(6)-B(1)-N(2)-N(1)
C(5)-C(4)-N(3)-N(4)
C(5)-C(4)-N(3)-Mo(1)
C(29)-Mo(1)-N(3)-C(4)
C(30)-Mo(1)-N(3)-C(4)
N(5)-Mo(1)-N(3)-C(4)
N(1)-Mo(1)-N(3)-C(4)
C(12)-Mo(1)-N(3)-C(4)
C(11)-Mo(1)-N(3)-C(4)
C(29)-Mo(1)-N(3)-N(4)
C(30)-Mo(1)-N(3)-N(4)
N(5)-Mo(1)-N(3)-N(4)
N(1)-Mo(1)-N(3)-N(4)
C(12)-Mo(1)-N(3)-N(4)
C(11)-Mo(1)-N(3)-N(4)
C(5)-C(6)-N(4)-N(3)
C(5)-C(6)-N(4)-B(1)
C(4)-N(3)-N(4)-C(6)
Mo(1)-N(3)-N(4)-C(6)
C(4)-N(3)-N(4)-B(1)
Mo(1)-N(3)-N(4)-B(1)
N(2)-B(1)-N(4)-C(6)
N(6)-B(1)-N(4)-C(6)
N(2)-B(1)-N(4)-N(3)
N(6)-B(1)-N(4)-N(3)
C(8)-C(7)-N(5)-N(6)
C(8)-C(7)-N(5)-Mo(1)
C(29)-Mo(1)-N(5)-C(7)
C(30)-Mo(1)-N(5)-C(7)
N(1)-Mo(1)-N(5)-C(7)
C(12)-Mo(1)-N(5)-C(7)
N(3)-Mo(1)-N(5)-C(7)
C(11)-Mo(1)-N(5)-C(7)
C(29)-Mo(1)-N(5)-N(6)
C(30)-Mo(1)-N(5)-N(6)
N(1)-Mo(1)-N(5)-N(6)
C(12)-Mo(1)-N(5)-N(6)
N(3)-Mo(1)-N(5)-N(6)
C(11)-Mo(1)-N(5)-N(6)
C(8)-C(9)-N(6)-N(5)
C(8)-C(9)-N(6)-B(1)
C(7)-N(5)-N(6)-C(9)
Mo(1)-N(5)-N(6)-C(9)

39.1(3)
-129.9(3)
-41.5(3)
-165.8(3)
-1.7(5)
179.6(5)
1.0(5)

-177.7(3)

179.9(4)
1.2(5)

-121.9(5)

119.9(5)
59.5(5)
-58.7(5)
-0.8(5)

-174.9(3)

132.2(7)
42.2(4)
128.8(4)

-146.2(4)

-59.6(4)
-59.0(4)
-41.2(8)
-131.2(3)
-44.6(3)
40.4(3)
127.0(3)
127.7(3)
0.7(5)
173.3(4)
0.1(5)
175.1(3)

-173.4(4)

1.6(5)
127.4(5)

-113.4(5)

-60.6(5)
58.5(5)
0.3(5)

-175.7(3)

41.6(4)
-40.3(4)
138.0(4)

-174.1(5)
-139.2(4)

56.0(6)
-134.0(3)
144.2(3)
-37.6(3)
10.3(7)
45.2(3)
-119.6(4)
-1.6(5)
179.6(4)
0.8(4)
177.3(3)
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C(7)-N(5)-N(6)-B(1)
Mo(1)-N(5)-N(6)-B(1)
N(4)-B(1)-N(6)-C(9)
N(2)-B(1)-N(6)-C(9)
N(4)-B(1)-N(6)-N(5)
N(2)-B(1)-N(6)-N(5)
0(3)-C(16)-N(7)-C(10)
0(4)-C(16)-N(7)-C(10)
0(3)-C(16)-N(7)-C(14)
O(4)-C(16)-N(7)-C(14)
C(11)-C(10)-N(7)-C(16)
C(24)-C(10)-N(7)-C(16)
C(11)-C(10)-N(7)-C(14)
C(24)-C(10)-N(7)-C(14)
C(27)-C(14)-N(7)-C(16)
C(26)-C(14)-N(7)-C(16)
C(13)-C(14)-N(7)-C(16)
C(27)-C(14)-N(7)-C(10)
C(26)-C(14)-N(7)-C(10)
C(13)-C(14)-N(7)-C(10)
0(3)-C(16)-0(4)-C(17)
N(7)-C(16)-O(4)-C(17)
C(18)-C(17)-O(4)-C(16)

179.8(4)
-3.7(5)
120.1(5)
-120.5(5)
-58.5(5)
60.8(5)
161.7(4)
-21.5(5)
11.6(7)
-171.6(3)
150.1(3)
-87.0(4)
-57.8(4)
65.1(4)
-30.7(5)
90.9(4)
-153.1(4)
177.8(4)
-60.6(4)
55.4(4)
6.6(6)
-170.5(4)
176.7(4)

Symmetry transformations used to generate equivatems:

6. X-Ray Diffraction Study of thanti-aldol product (X = NCbz, R= Me)

Suitable crystal ofinti-aldol product (X = NCbz, R= Me) was obtained by diffusion recrystallization from
CH,Cly/hexanes. These crystals were coated with Pardooié suspended in a small fiber loop and placed
cooled nitrogen gas stream at 173 K on a BrukeSDBART 1000 CCD sealed tube diffractometer with drige
monochromated CuK(1.54178 A) radiation. Data were measured usisgraes of combinations of phi and omega
scans with 10 s frame exposures and fidBne widths. Data collection, indexing and iditall refinements were
all carried out using SMARTsoftware. Frame integration and final cell refinesewere done using SAINYT
software. The final cell parameters were deternhifrem least-squares refinement on 5420 reflectioi$he
SADABS" program was used to carry out absorption correstion

The structure was solved using Direct methods afierence Fourier techniques (SHELXTL, V5.18). Al
the hydrogen atoms were located in a differencaiEomap and were included in the final cyclesesst squares
with isotropic U ‘s; all non-hydrogen atoms were refined anisotalty. Scattering factors and anomalous
dispersion corrections are taken from théernational Tables for X-ray Crystallograpfly. Structure solution,
refinement, graphics and generation of publicatiaterials were performed by using SHELXTL, V5.1@wsare.

10 SAINT Version 6.021999 Bruker AXS, Inc., Analytical X-ray Systems, 54B8st Cheryl Parkway, Madison WI 53711-5373.

1 SADABS, 1996 George Sheldrick, University of Géttingen.

12 SHELXTL V5.10,1997 Bruker AXS, Inc., Analytical X-ray Systems, 54B8st Cheryl Parkway, Madison WI 53711-5373.
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cls)

Figure 2. ORTEP View ofanti-aldol product (X = NCbz, R' = Me)

Table 7. Crystal data and structure refinementaoti-aldol product (X = NCbz, &= Me)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.04°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

anti-aldol product (X = NCbz, R= Me)
Go Haz B Mo N, Og
682.37
173(2) K
1.54178 A
Triclinic
P-1
a=10.4754(2) A a= 104.527(1)°.
b =12.8534(2) A B=112.404(1)°.
c=13.4732(3) A y=103.191(1)°.
1513.55(5) &
2
1.497 Mghn
4.005 mtn
702
0.28 x 0.22 x 0.12 mfn
3.81t0 66.04°.
-12<=h<=12, -15<=k<=14, -13<=I<=15
6979
4400 [R(int) = 0.0169]
83.3%
Semi-empirical from equivdken
0.6451 and 0.4002
Full-matrix least-squares &n F
4400/0/ 492
1.062
R1 =0.0379, wR2 4012
R1 =0.0385, wR2 =0.1118
1.403 and -0.719%.A
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Table 8. Atomic coordinates ( x ¥ and equivalent isotropic displacement parameié?s 10%) for anti-aldol
product (X = NCbz, R= Me). U(eq) is defined as one third of the éraf the orthogonalizedildensor

X y z U(eq)

B(1) 6844(5) 7750(4) 2832(4) 28(1)
C(1) 6402(4) 3586(3) 963(3) 25(1)
C(2) 6777(4) 4298(3) 400(3) 26(1)
C(3) 8264(5) 4637(3) 607(4) 30(1)
C(4) 9067(4) 3853(3) 837(3) 29(1)
C(5) 8343(4) 2744(3) 956(4) 28(1)
C(6) 6652(4) 2058(3) 1683(4) 31(1)
C(7) 5301(7) 1663(5) 2697(6) 50(1)
C(8) 4251(5) 2083(4) 3026(4) 37(2)
C(9) 2745(6) 1540(4) 2324(4) 40(1)
C(10) 1754(7) 1927(5) 2603(6) 56(1)
C(11) 2253(7) 2854(5) 3587(6) 57(2)
C(12) 3754(9) 3407(5) 4318(5) 62(2)
C(13) 4752(7) 3022(5) 4036(5) 52(1)
C(14) 8033(5) 1725(4) -108(4) 36(1)
C(15) 6834(9) 1666(6) -1196(5) 63(2)
C(16) 10161(5) 5908(4) 2692(4) 37(1)
C(17) 8401(4) 4637(3) 3167(3) 30(1)
C(18) 8011(5) 7171(4) 607(4) 30(1)
C(19) 7755(5) 8169(4) 532(4) 36(1)
C(20) 7242(5) 8493(4) 1319(4) 31(1)
C(21) 10088(5) 7444(4) 4838(4) 31(1)
C(22) 10229(5) 8465(4) 5575(4) 36(1)
C(23) 9072(5) 8732(4) 4938(4) 33(1)
C(24) 4814(4) 4796(3) 2285(3) 28(1)
C(25) 3849(5) 5280(4) 2500(4) 33(1)
C(26) 4439(4) 6421(4) 2672(3) 30(1)
C(1S) 1578(8) 8926(6) 3237(6) 78(2)
C(2S) 3026(7) 9201(6) 4388(6) 69(2)
C(3S) 4295(8) 9782(13) 4426(8) 179(7)
Mo(1) 8016(1) 5560(1) 2224(1) 22(1)
N(1) 7001(4) 2718(3) 1108(3) 27(1)
N(3) 7683(4) 6888(3) 1385(3) 26(1)
N(4) 7189(4) 7713(3) 1820(3) 26(1)
N(5) 8901(3) 7083(3) 3810(3) 26(1)
N(6) 8272(4) 7902(3) 3881(3) 26(1)
N(7) 5921(3) 5588(3) 2301(3) 24(1)
N(8) 5674(3) 6599(3) 2542(3) 25(1)
0(1) 10268(3) 4003(3) 859(3) 37(2)
0(2) 7172(3) 1319(2) 1865(3) 37(2)
0(®3) 5663(3) 2293(2) 2009(2) 32(1)
0O(4) 7706(5) 662(3) 29(3) 61(1)

O(5) 11407(3) 6114(3) 3036(3) 59(1)
O(6) 8662(4) 4090(3) 3724(3) 51(1)

Table 9. Bond lengths [A] and angles [°] fanti-aldol product (X = NCbz, R= Me)

B(1)-N() 1.531(6) c)-C@) 1.407(5)

B(1)-N(8) 1.536(6) C(1)-N(1) 1.417(5)

B(1)-N(6) 1.547(6) C(1)-Mo(1) 2.424(4)
[ 533 |
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C(2)-C(3)
C(2)-Mo(1)
C(3)-C(4)
C(3)-Mo(1)
C(4)-0(1)
C(4)-C(5)
C(5)-N(1)
C(5)-C(14)
C(6)-0(2)
C(6)-0(3)
C(6)-N(1)
C(71)-0(3)
C(7)-C(8)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(14)-0(4)
C(14)-C(15)
C(16)-0(5)
C(16)-Mo(1)
C(17)-0(6)
C(17)-Mo(1)
C(18)-N(3)
C(18)-C(19)
C(19)-C(20)
C(20)-N(4)
C(21)-N(5)
C(21)-C(22)
C(22)-C(23)
C(23)-N(6)
C(24)-N(7)
C(24)-C(25)
C(25)-C(26)
C(26)-N(8)
C(1S)-C(2S)
C(2S)-C(3S)
C(3S)-C(3S)#1
Mo(1)-N(5)
Mo(1)-N(7)
Mo(1)-N(3)
N(3)-N(4)
N(5)-N(6)
N(7)-N(8)
N(4)-B(1)-N(8)
N(4)-B(1)-N(6)
N(8)-B(1)-N(6)
C(2)-C(1)-N(1)
C(2)-C(1)-Mo(1)
N(1)-C(1)-Mo(1)
C(1)-C(2)-C(3)
C(1)-C(2)-Mo(1)
C(3)-C(2)-Mo(1)
C(2)-C(3)-C(4)

1.411(6)
2.228(4)
1.472(6)
2.344(4)
1.216(5)
1.532(5)
1.490(5)
1.545(6)
1.228(5)
1.334(5)
1.364(5)
1.470(5)
1.490(7)
1.378(7)
1.387(7)
1.381(7)
1.358(9)
1.380(9)
1.389(9)
1.408(5)
1.493(8)
1.144(5)
1.991(4)
1.152(5)
1.942(4)
1.325(5)
1.390(6)
1.379(6)
1.345(5)
1.334(5)
1.370(6)
1.367(6)
1.337(5)
1.346(5)
1.383(6)
1.376(6)
1.348(5)
1.587(9)
1.343(9)
1.527(15)
2.196(3)
2.245(3)
2.292(3)
1.380(4)
1.366(5)
1.367(4)
110.5(3)
107.9(3)
106.8(3)
122.1(3)
64.9(2)
116.9(2)
115.7(4)
80.2(2)
76.6(2)
118.6(4)

C(2)-C(3)-Mo(1)
C(4)-C(3)-Mo(1)
O(1)-C(4)-C(3)
O(1)-C(4)-C(5)
C(3)-C(4)-C(5)
N(1)-C(5)-C(4)
N(1)-C(5)-C(14)
C(4)-C(5)-C(14)
0(2)-C(6)-0(3)
0O(2)-C(6)-N(1)
0O(3)-C(6)-N(1)
O(3)-C(7)-C(8)
C(9)-C(8)-C(13)
C(9)-C(8)-C(7)
C(13)-C(8)-C(7)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(11)-C(12)-C(13)
C(8)-C(13)-C(12)
O(4)-C(14)-C(15)
O(4)-C(14)-C(5)
C(15)-C(14)-C(5)
0O(5)-C(16)-Mo(1)
0O(6)-C(17)-Mo(1)
N(3)-C(18)-C(19)
C(20)-C(19)-C(18)
N(4)-C(20)-C(19)
N(5)-C(21)-C(22)
C(23)-C(22)-C(21)
N(6)-C(23)-C(22)
N(7)-C(24)-C(25)
C(26)-C(25)-C(24)
N(8)-C(26)-C(25)
C(3S)-C(2S)-C(1S)
C(2S)-C(3S)-C(3S)#1
C(17)-Mo(1)-C(16)
C(17)-Mo(1)-N(5)
C(16)-Mo(1)-N(5)
C(17)-Mo(1)-C(2)
C(16)-Mo(1)-C(2)
N(5)-Mo(1)-C(2)
C(17)-Mo(1)-N(7)
C(16)-Mo(1)-N(7)
N(5)-Mo(1)-N(7)
C(2)-Mo(1)-N(7)
C(17)-Mo(1)-N(3)
C(16)-Mo(1)-N(3)
N(5)-Mo(1)-N(3)
C(2)-Mo(1)-N(3)
N(7)-Mo(1)-N(3)
C(17)-Mo(1)-C(3)
C(16)-Mo(1)-C(3)
N(5)-Mo(1)-C(3)
C(2)-Mo(1)-C(3)
N(7)-Mo(1)-C(3)

67.6(2)
111.0(3)
122.5(4)
117.0(4)
120.3(4)
113.3(3)
113.1(3)
107.1(3)
123.9(4)
123.8(4)
112.2(3)
107.3(4)
118.4(5)
120.2(5)
121.4(5)
121.1(5)
120.2(6)
120.1(5)
119.7(5)
120.4(5)
110.5(5)
112.6(4)
111.7(4)
175.3(4)
178.2(4)
110.9(4)
105.4(4)
107.8(4)
111.1(4)
104.7(4)
109.2(4)
110.7(4)
104.8(4)
109.1(4)
114.5(6)
117.0(8)
81.04(18)
89.01(14)
82.05(15)
105.18(15)
106.78(16)
164.14(14)
94.26(15)
160.87(15)
79.32(12)
92.36(13)
170.76(14)
98.37(15)
81.79(12)
83.86(13)
83.29(11)
104.51(15)
71.34(16)
147.47(14)
35.85(14)
127.69(13)
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N(3)-Mo(1)-C(3)
C(17)-Mo(1)-C(1)
C(16)-Mo(1)-C(1)
N(5)-Mo(1)-C(1)
C(2)-Mo(1)-C(1)
N(7)-Mo(1)-C(1)
N(3)-Mo(1)-C(1)
C(3)-Mo(1)-C(1)
C(6)-N(1)-C(1)
C(6)-N(1)-C(5)
C(1)-N(1)-C(5)
C(18)-N(3)-N(4)
C(18)-N(3)-Mo(1)
N(4)-N(3)-Mo(1)
C(20)-N(4)-N(3)

83.89(13)
73.59(15)
115.52(15)
152.04(13)
34.88(14)
80.33(12)
114.57(12)
60.04(14)
121.1(3)
116.9(3)
119.6(3)
106.0(3)
134.8(3)
118.7(2)
109.9(3)

C(20)-N(4)-B(1)
N(3)-N(4)-B(1)
C(21)-N(5)-N(6)
C(21)-N(5)-Mo(1)
N(6)-N(5)-Mo(1)
C(23)-N(6)-N(5)
C(23)-N(6)-B(1)
N(5)-N(6)-B(1)
C(24)-N(7)-N(8)
C(24)-N(7)-Mo(1)
N(8)-N(7)-Mo(1)
C(26)-N(8)-N(7)
C(26)-N(8)-B(1)
N(7)-N(8)-B(1)
C(6)-0(3)-C(7)

128.0(3)
121.7(3)
106.0(3)
131.3(3)
122.7(2)
108.9(3)
131.2(3)
119.9(3)
106.3(3)
133.0(3)
120.2(2)
109.1(3)
128.4(3)
121.5(3)
115.2(3)

Symmetry transformations used to generate equivatems: #1 -x+1,-y+2,-z+1
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Table 10. Anisotropic displacement parameters 2AL0%) for anti-aldol product (X = NCbz, R= Me). The
anisotropic displacement factor exponent take$aha: -2r2[ h2 a*2U11+ ... + 2 h k a* b* 2]

Ull U22 U33 U23 U13 U12

B(1) 35(2) 20(2) 34(2) 14(2) 15(2) 15(2)
c@) 23(2) 18(2) 31(2) 7(2) 11(2) 7(2)
C(2) 31(2) 24(2) 23(2) 10(2) 12(2) 13(2)
c@3) 41(2) 22(2) 36(2) 15(2) 22(2) 16(2)
C(4) 31(2) 23(2) 32(2) 9(2) 14(2) 12(2)
C(5) 30(2) 23(2) 35(2) 13(2) 14(2) 15(2)
C(6) 32(2) 20(2) 34(2) 10(2) 11(2) 5(2)
C(7) 60(3) 46(3) 75(4) 45(3) 45(3) 25(3)
C(8) 50(3) 31(2) 43(2) 26(2) 27(2) 15(2)
C(9) 51(3) 36(3) 37(2) 19(2) 20(2) 14(2)
C(10) 49(3) 55(3) 72(4) 31(3) 31(3) 17(3)
C(11) 79(4) 60(4) 77(4) 42(3) 60(4) 41(3)
C(12)  111(5) 50(3) 48(3) 21(3) 52(4) 34(4)
C(13) 53(3) 45(3) 45(3) 21(2) 16(3) 7(3)
C(14) 46(3) 24(2) 43(2) 12(2) 25(2) 16(2)
C(15) 82(5) 50(3) 37(3) 42) 14(3) 30(4)
C(16) 29(2) 26(2) 46(3) 7(2) 12(2) 11(2)
C(17) 29(2) 22(2) 30(2) 8(2) 7(2) 8(2)
C(18) 40(2) 28(2) 33(2) 16(2) 21(2) 16(2)
C(19) 50(3) 32(2) 40(2) 25(2) 25(2) 18(2)
C(20) 38(2) 26(2) 37(2) 19(2) 18(2) 16(2)
C(21) 33(2) 30(2) 36(2) 21(2) 16(2) 14(2)
C(22) 37(2) 33(2) 28(2) 9(2) 9(2) 7(2)
C(23) 41(2) 21(2) 37(2) 10(2) 18(2) 14(2)
C(24) 28(2) 24(2) 30(2) 13(2) 12(2) 10(2)
C(25) 29(2) 34(2) 41(2) 17(2) 19(2) 13(2)
C(26) 32(2) 34(2) 31(2) 15(2) 16(2) 20(2)
C(39) 41(4) 391(19) 121(7) 187(11) 24(5) 30(7)
Mo(1)  23(1) 17(1) 28(1) 12(1) 12(1) 9(1)
N(1) 29(2) 20(2) 34(2) 13(1) 14(2) 12(1)
N(3) 33(2) 23(2) 32(2) 16(1) 19(2) 15(2)
N(4) 33(2) 18(2) 34(2) 14(1) 16(2) 14(1)
N(5) 27(2) 25(2) 24(2) 10(1) 8(1) 9(1)
N(6) 32(2) 18(2) 33(2) 13(1) 17(2) 12(1)
N(7) 26(2) 23(2) 30(2) 13(1) 14(1) 13(1)
N(8) 31(2) 25(2) 26(2) 12(1) 15(2) 15(1)
o(1) 36(2) 33(2) 52(2) 16(1) 26(2) 17(1)
0(2) 47(2) 28(2) 51(2) 24(1) 27(2) 21(1)
0(3) 37(2) 27(2) 43(2) 21(1) 24(1) 11(1)
o(4) 108(3) 22(2) 65(2) 19(2) 50(2) 26(2)
o(5) 28(2) 47(2) 76(3) -5(2) 18(2) 11(2)
o(6) 60(2) 32(2) 45(2) 26(2) 6(2) 11(2)

Table 11. Hydrogen coordinates ( x 40and isotropic displacement parameterax(&0 3) for anti-aldol product
(X = NCbz, R = Me)

X y z U(eq)
H(1S1) 1506 9650 3154 117
H(1S2) 704 8506 3278 117
[ s36 |
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H(1S3)
H(2S1)
H(2S2)
H(3S1)
H(3S2)
H(1)
H(2)
H(3)
H(5)
H(9)
H(10)
H(11)
H(12)
H(13)
H(14)
H(18)
H(19)
H(20)
H(21)
H(22)
H(23)
H(24)
H(25)
H(26)
H(15A)
H(1B)
H(7B)
H(15B)
H(40)
H(7A)
H(15C)

1629
2945
3072
4179
4436
5480(40)
6080(40)
8570(50)
9020(50)
2310(70)

780(70)
1620(60)
4020(70)
5780(70)
8960(50)
8370(40)
7860(40)
6890(50)

10590(40)

10900(50)
8770(40)
4760(50)
2970(50)
4110(50)
7190(80)
6510(50)
4810(70)
6740(60)
7430(100)
5990(100)
5980(90)

8454
9656
8465

10454
9276
3390(30)
4550(30)
5090(40)
2700(40)

890(50)
1540(50)
3130(40)
4040(60)
3330(50)
1790(40)
6710(30)
8500(30)
9140(40)
7020(30)
8890(40)
9250(40)
3990(40)
4920(40)
7020(40)
2360(70)
8520(40)

770(60)
1110(50)

780(80)
1720(80)
1620(70)

2569
5058
4472
4220
3820

910(30)
-40(30)
280(40)
1650(40)
1620(50)
2160(50)
3860(40)
4980(60)
4500(50)
-140(40)
210(30)
70(40)
1510(40)
4960(30)
6260(40)
5100(30)
2180(40)
2510(40)
2880(40)

-1300(60)
3080(40)
2200(50)

-1830(50)

720(80)
3170(80)
-1160(70)

117
83
83

215

215
17(9)
21(10)
30(11)
33(12)
69(18)
56(16)
47(14)
80(20)
70(18)
29(11)
20(10)
20(10)
32(11)
13(9)
33(12)
11(9)
30(11)
30(11)
39(13)
80(20)
44(13)
70(18)
57(16)

130(30)

110(30)
90(30)

Table 12. Torsion angles [°] foanti-aldol product (X = NCbz, R= Me)

N(1)-C(1)-C(2)-C(3)
Mo(1)-C(1)-C(2)-C(3)
N(1)-C(1)-C(2)-Mo(1)
C(1)-C(2)-C(3)-C(4)
Mo(1)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-Mo(1)
C(2)-C(3)-C(4)-O(1)
Mo(1)-C(3)-C(4)-O(1)
C(2)-C(3)-C(4)-C(5)
Mo(1)-C(3)-C(4)-C(5)
O(1)-C(4)-C(5)-N(1)
C(3)-C(4)-C(5)-N(1)
O(1)-C(4)-C(5)-C(14)
C(3)-C(4)-C(5)-C(14)
0(3)-C(7)-C(8)-C(9)
0(3)-C(7)-C(8)-C(13)
C(13)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)

-37.4(5)
69.8(3)

-107.2(3)

30.5(5)
102.5(3)
-72.0(3)
169.2(4)

-115.6(4)

-5.4(6)
69.8(4)
170.9(3)
-14.2(5)
-63.7(5)
111.2(4)
90.8(5)
-89.1(6)
1.0(7)

-178.9(4)

-0.3(8)
-0.6(8)
0.9(8)
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C(9)-C(8)-C(13)-C(12)
C(7)-C(8)-C(13)-C(12)
C(11)-C(12)-C(13)-C(8)
N(1)-C(5)-C(14)-O(4)
C(4)-C(5)-C(14)-O(4)
N(1)-C(5)-C(14)-C(15)
C(4)-C(5)-C(14)-C(15)
N(3)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-N(4)
N(5)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-N(6)
N(7)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-N(8)

C(1S)-C(2S)-C(3S)-C(3S)#1

0(6)-C(17)-Mo(1)-C(16)
0(6)-C(17)-Mo(1)-N(5)
0(6)-C(17)-Mo(1)-C(2)
0(6)-C(17)-Mo(1)-N(7)
0(6)-C(17)-Mo(1)-N(3)
0(6)-C(17)-Mo(1)-C(3)
0(6)-C(17)-Mo(1)-C(1)
0(5)-C(16)-Mo(1)-C(17)
0(5)-C(16)-Mo(1)-N(5)
0(5)-C(16)-Mo(1)-C(2)
O(5)-C(16)-Mo(1)-N(7)
0(5)-C(16)-Mo(1)-N(3)
O(5)-C(16)-Mo(1)-C(3)
0(5)-C(16)-Mo(1)-C(1)
C(1)-C(2)-Mo(1)-C(17)
C(3)-C(2)-Mo(1)-C(17)
C(1)-C(2)-Mo(1)-C(16)
C(3)-C(2)-Mo(1)-C(16)
C(1)-C(2)-Mo(1)-N(5)
C(3)-C(2)-Mo(1)-N(5)
C(1)-C(2)-Mo(1)-N(7)
C(3)-C(2)-Mo(1)-N(7)
C(1)-C(2)-Mo(1)-N(3)
C(3)-C(2)-Mo(1)-N(3)
C(1)-C(2)-Mo(1)-C(3)
C(3)-C(2)-Mo(1)-C(1)
C(2)-C(3)-Mo(1)-C(17)
C(4)-C(3)-Mo(1)-C(17)
C(2)-C(3)-Mo(1)-C(16)
C(4)-C(3)-Mo(1)-C(16)
C(2)-C(3)-Mo(1)-N(5)
C(4)-C(3)-Mo(1)-N(5)
C(4)-C(3)-Mo(1)-C(2)
C(2)-C(3)-Mo(1)-N(7)
C(4)-C(3)-Mo(1)-N(7)
C(2)-C(3)-Mo(1)-N(3)
C(4)-C(3)-Mo(1)-N(3)
C(2)-C(3)-Mo(1)-C(1)
C(4)-C(3)-Mo(1)-C(1)
C(2)-C(1)-Mo(1)-C(17)
N(1)-C(1)-Mo(1)-C(17)
C(2)-C(1)-Mo(1)-C(16)

-0.7(7)
179.2(4)
-0.2(8)
-69.0(5)
165.5(4)
56.0(6)
-69.5(6)
0.0(5)
-0.5(5)
-1.1(5)
0.9(5)
-1.1(5)
1.2(5)
171.8(15)

-19(11)

-101(11)

87(11)
-180(100)

-106(11)

49(11)
102(11)
-41(5)
49(5)
-144(5)
36(5)
130(5)
-150(5)
-108(5)
25.7(3)
-93.9(3)
110.8(3)
-8.9(3)

-127.1(5)

113.3(5)
-69.3(2)
171.1(2)

-152.3(2)

88.1(2)
119.6(3)

-119.6(3)

95.9(3)
-17.5(3)
171.0(3)
57.6(3)

-152.2(2)

94.4(3)

-113.4(4)

-11.3(3)

-124.7(3)

-88.0(2)
158.6(3)
35.0(2)
-78.4(3)

-154.1(3)

-39.2(3)
-82.8(3)
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N(1)-C(1)-Mo(1)-C(16)
C(2)-C(1)-Mo(1)-N(5)
N(1)-C(1)-Mo(1)-N(5)
N(1)-C(1)-Mo(1)-C(2)
C(2)-C(1)-Mo(1)-N(7)
N(1)-C(1)-Mo(1)-N(7)
C(2)-C(1)-Mo(1)-N(3)
N(1)-C(1)-Mo(1)-N(3)
C(2)-C(1)-Mo(1)-C(3)
N(1)-C(1)-Mo(1)-C(3)
0(2)-C(6)-N(1)-C(1)
0(3)-C(6)-N(1)-C(1)
0(2)-C(6)-N(1)-C(5)
0(3)-C(6)-N(1)-C(5)
C(2)-C(1)-N(1)-C(6)
Mo(1)-C(1)-N(1)-C(6)
C(2)-C(1)-N(1)-C(5)
Mo(1)-C(1)-N(1)-C(5)
C(4)-C(5)-N(1)-C(6)
C(14)-C(5)-N(1)-C(6)
C(4)-C(5)-N(1)-C(1)
C(14)-C(5)-N(1)-C(1)
C(19)-C(18)-N(3)-N(4)
C(19)-C(18)-N(3)-Mo(1)
C(17)-Mo(1)-N(3)-C(18)
C(16)-Mo(1)-N(3)-C(18)
N(5)-Mo(1)-N(3)-C(18)
C(2)-Mo(1)-N(3)-C(18)
N(7)-Mo(1)-N(3)-C(18)
C(3)-Mo(1)-N(3)-C(18)
C(1)-Mo(1)-N(3)-C(18)
C(17)-Mo(1)-N(3)-N(4)
C(16)-Mo(1)-N(3)-N(4)
N(5)-Mo(1)-N(3)-N(4)
C(2)-Mo(1)-N(3)-N(4)
N(7)-Mo(1)-N(3)-N(4)
C(3)-Mo(1)-N(3)-N(4)
C(1)-Mo(1)-N(3)-N(4)
C(19)-C(20)-N(4)-N(3)
C(19)-C(20)-N(4)-B(1)
C(18)-N(3)-N(4)-C(20)
Mo(1)-N(3)-N(4)-C(20)
C(18)-N(3)-N(4)-B(1)
Mo(1)-N(3)-N(4)-B(1)
N(8)-B(1)-N(4)-C(20)
N(6)-B(1)-N(4)-C(20)
N(8)-B(1)-N(4)-N(3)
N(6)-B(1)-N(4)-N(3)
C(22)-C(21)-N(5)-N(6)
C(22)-C(21)-N(5)-Mo(1)
C(17)-Mo(1)-N(5)-C(21)
C(16)-Mo(1)-N(5)-C(21)
C(2)-Mo(1)-N(5)-C(21)
N(7)-Mo(1)-N(5)-C(21)
N(3)-Mo(1)-N(5)-C(21)
C(3)-Mo(1)-N(5)-C(21)

32.1(3)
152.3(3)
-92.8(4)
114.9(4)
108.5(2)
-136.6(3)
30.5(3)
145.4(3)
-36.0(2)
78.9(3)
-177.7(4)
3.3(5)
-15.5(6)
165.5(3)
178.3(4)
102.3(4)
16.6(5)
-59.3(4)
-153.4(3)
84.5(4)
9.0(5)
-113.1(4)
0.6(5)

-170.9(3)
135.4(8)
49.7(4)

130.4(4)
-56.4(4)
-149.5(4)
-20.3(4)
-73.4(4)
-35.3(10)
-120.9(3)
-40.3(3)
132.9(3)
39.8(3)
169.0(3)
116.0(3)
0.9(5)
173.4(4)
-0.9(4)
172.2(3)
-173.9(4)
-0.8(4)
131.1(4)
-112.4(4)
-57.2(5)

59.3(4)
0.9(5)
178.8(3)
43.0(4)
-38.1(4)

-163.2(4)
137.5(4)
-137.8(4)
-73.0(4)
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C(1)-Mo(1)-N(5)-C(21) 93.5(4)
C(17)-Mo(1)-N(5)-N(6) -139.4(3)
C(16)-Mo(1)-N(5)-N(6) 139.5(3)
C(2)-Mo(1)-N(5)-N(6) 14.4(6)
N(7)-Mo(1)-N(5)-N(6) -44.9(3)
N(3)-Mo(1)-N(5)-N(6) 39.8(3)
C(3)-Mo(1)-N(5)-N(6) 104.5(3)
C(1)-Mo(1)-N(5)-N(6) -88.9(4)
C(22)-C(23)-N(6)-N(5) -0.3(5)
C(22)-C(23)-N(6)-B(1) 178.5(4)
C(21)-N(5)-N(6)-C(23) -0.4(4)
Mo(1)-N(5)-N(6)-C(23) -178.5(3)
C(21)-N(5)-N(6)-B(1) -179.4(3)
Mo(1)-N(5)-N(6)-B(1) 2.5(4)
N(4)-B(1)-N(6)-C(23) 119.9(4)
N(8)-B(1)-N(6)-C(23) -121.2(4)
N(4)-B(1)-N(6)-N(5) -61.3(4)
N(8)-B(1)-N(6)-N(5) 57.6(4)
C(25)-C(24)-N(7)-N(8) 0.6(4)
C(25)-C(24)-N(7)-Mo(1) 172.5(3)
C(17)-Mo(1)-N(7)-C(24) -37.7(4)
C(16)-Mo(1)-N(7)-C(24) -112.5(5)
N(5)-Mo(1)-N(7)-C(24) -125.9(4)
C(2)-Mo(1)-N(7)-C(24) 67.7(3)
N(3)-Mo(1)-N(7)-C(24) 151.3(3)
C(3)-Mo(1)-N(7)-C(24) 74.3(4)
C(1)-Mo(1)-N(7)-C(24) 34.9(3)
C(17)-Mo(1)-N(7)-N(8) 133.3(3)
C(16)-Mo(1)-N(7)-N(8) 58.5(5)
N(5)-Mo(1)-N(7)-N(8) 45.1(3)
C(2)-Mo(1)-N(7)-N(8) -121.3(3)
N(3)-Mo(1)-N(7)-N(8) -37.8(3)
C(3)-Mo(1)-N(7)-N(8) -114.7(3)
C(1)-Mo(1)-N(7)-N(8) -154.2(3)
C(25)-C(26)-N(8)-N(7) -0.9(4)
C(25)-C(26)-N(8)-B(1) -169.4(4)
C(24)-N(7)-N(8)-C(26) 0.2(4)
Mo(1)-N(7)-N(8)-C(26) -173.0(2)
C(24)-N(7)-N(8)-B(1) 169.7(3)
Mo(1)-N(7)-N(8)-B(1) -3.5(4)
N(4)-B(1)-N(8)-C(26) -132.1(4)
N(6)-B(1)-N(8)-C(26) 110.7(4)
N(4)-B(1)-N(8)-N(7) 60.6(4)
N(6)-B(1)-N(8)-N(7) -56.6(4)
0(2)-C(6)-0(3)-C(7) 4.6(6)
N(1)-C(6)-O(3)-C(7) -176.4(4)
C(8)-C(7)-O(3)-C(6) 177.1(4)

Symmetry transformations used to generate equivatems: #1 -x+1,-y+2,-z+1
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Table 13. Hydrogen bonds faanti-aldol product (X = NCbz, R= Me) [A and °]

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

O(4)-H(40)...0(2) 1.06(9) 1.68(9) 2.715(5) 166(8)

Symmetry transformations used to generate equivatems: #1 -x+1,-y+2,-z+1

7. Copies ofH and**C-NMR spectra




